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As  pilot  well  expert  in  perilous  ware 
That  to  a  steadfast  star  his  course  hath  bent, 

When  foggy  mists  or  cloudy  tempests  have 
The  faithful  light  of  that  fair  lamp  yblent, 
And  coTered  heayen  with  hideous  dreriment ; 

Upon  his  card  and  compas  firmes  his  eye, 
The  maysters  of  his  long  experiment, 

And  to  them  does  the  steddy  helm  apply. 

Bidding  his  winged  yessel  fairly  forward  fly. 

Spsnsbb,  Faerie  QueeTie,  B.  ii.  c.  7. 
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KPATOS  BIA  TE,  ff^tfvfikv  IvroXr^  Aihc 

iBsoHTLUS.  Prom,  Vvnct,  13. 

You,  FoBOE  and  Poweb,  have  done  your  destined  task ; 
And  nought  impedes  the  work  of  other  hands. 


WE  enter  now  upon  a  new  region  of  the  human 
mind.  In  pa.9aing  from  Astronomy  to  Mechanics 
we  make  a  transition  from  the  formai  to  the  physical 
Bcienoee  ; — from  time  and  space  to  force  and  matter; — 
from  pheiumiena  to  causes.  Hitherto  we  have  been 
concerned  only  with  the  paths  and  orbits,  the  periods 
and  cycles,  the  angles  and  distances,  of  the  objects  to 
which  our  sciences  applied,  namely,  the  heavenly 
bodies.  How  these  motiona  are  produced ; — by  what 
agencies,  impulses,  powers,  they  are  determined  to  be 
what  they  are  ; — of  what  nature  are  the  objecta  them- 
selves ; — are  sjieculationB  which  we  have  hitherto  not 
dwelt  upon.  The  history  of  such  speculations  now 
oomes  before  us ;  but,  in  the  first  place,  we  must  con- 
sider the  history  of  speculations  concerning  motion  in 
general,  terrestrial  as  well  as  celestial.  We  must  first 
attend  to  Mechanics,  and  afterwards  return  to  Physical 
AetroDomy. 

In  the  same  way  in  which  the  developement  of  Pure 
Mathematics,  which  began  with  the  Greeks,  was  a 
necessary  condition  of  the  progress  of  Formal  Astro- 
nomy, die  creation  of  the  science  of  Mechanics  now 
became  necessary  to  the  formation  and  progress  of 
Physical  Astronomy.  Gkometry  and  Mechanics  were 
studied  for  their  own  sakes ;  but  they  also  supplied 
ideas,  language,  and  reasoning  to  other  sciences.  If 
the  Greeks  had  not  cultivated  Conic  Sections,  Kepler 
could  not  have  superseded  Ptolemy ;  if  the  Greeks  had 
cultivated  Dynamics,^  Kepler  might  have  anticipated 
Newton. 


CHAPTER  I. 

Pbeltjde  to  the  Epoch  op  GAULKftl 


I 


Sect.   I. — Prelude  to  the  Science  of  Stcdies. 

SOME  atepa  in  the  science  of  Motion,  or  ratter  i 
the  science  of  Equilibrium,  had  been  made  by  the  I 
ancients,  aa  we  have  seen.     Archimedes  eatabliahed  f 
BatisfeotoriJy  the  doctrine  of  the  Lever,  some  important 
properties  of  the  Center  of  Gravity,  and  the  fimda- 
meutal  proposition  of  Hydroatatica.     But  this  begin-   | 
ning  led  to  no   permanent  progresB,     Whether   the 
distinction  between  the  principles  of  the  doctrine  of  | 
Equilibrium  and  of  Motion  waa  dearly  aeea  by  Archi- 
medes, -we  do  not  know;  but  it  never  was  caught  hold 
of  by  aay  of  the  other  writers  of  antiquity,  or  by  those 
of  tiie  Stationary  Period.     What  was  still  worse,  the 
point  which  Archimedes  had  won  was  not  steadily 

Tnftintn.inpd 

We  have  given  some  examples  of  the  general  igno 
rance  of  the  Greek  philosophers  on  such  subjects,  in 
noticing  the  strange  maimer  in  which  Aristotie  refers 
to  mitthematical  properties,  in  order  to  account  for  the 
equilibrium  of  a  lever,  and  the  attitude  of  a  man 
rising  from  a  chair.  And  we  have  seen,  in  speaking 
of  the  indistinct  ideas  of  the  Stationary  Period,  that 
the  attempts  which  were  made  to  extend  the  statical 
doctrine  of  Archimedes,  failed,  in  such  a  manner  as  to 
show  that  his  followers  had  not  clearly  apprehended 
the  idea  on  which  his  reasoning  altogether  depended. 
The  clouds  which  he  had,  for  a  moment,  cloven  ii 
advance,  closed  after  him,  and  the  former  dimnes 
confusion  settled  again  on  the  land. 
Tbia  diiauesa  and  confusion,  with.  Tea^ecX.  \«  tfi  »ii-    . 


jects  of  mecliaiiical  reasoning-,  prevaUed  still,  at  the 
period  we  now  have  to  consider;  namely,  the  period  of 
the  first  promulgation  of  the  Coperuican  opinioiia. 
This  ia  bo  important  a  point  that  I  must  illustrate  it 
further. 

Certain  general  notions  of  the  connexion  of  cause 
and  effect  iu  motion,  exist  in  the  human  mind  at  all 
periods  of  its  developement,  and  are  implied  iu  the 
formation  of  l&nguage  and  in  tlie  moat  &imiliar  employ- 
ments of  men's  thoughts.  But  these  do  not  couatitute 
a  scienoa  of  Mechanics,  any  more  than  the  notions  of 
atpLotf*  and  round  make  a  Geometry,  or  the  notions  of 
foonthg  and  years  make  an  Astronomy.  Tlie  unfold- 
ing these  Notions  into  distinct  Ideas,  on  which  can  be 
founded  principles  and  reasonings,  is  further  requisite, 
in  order  to  produce  a  science ;  and,  with  respect  to  the 
doctrines  of  Motion,  this  was  long  in  coming  to  pass ; 
men's  thoughts  remained  long  entangled  in  their  pri- 
mitive and  unscientific  confusion. 

We  may  mention  one  or  two  features  of  this  confu- 
«on,  such  as  we  find  in  authors,  belonging  to  the  period 
now  under  review. 

We  have  already,  in  speaking  of  the  Greek  School 
Philosophy,  noticed  the  attempt  to  explain  some  of  the 
differences  among  Motions,  by  classifjdng  them  into 
14'atural  Motions  and  Yiolent  Motions  ;  and  we  have 
spoken  of  the  assertion  that  heavy  bodies  fall  quicker 
in  proportion  to  their  greater  weight.  These  doctrines 
were  still  retained  :  yet  the  views  which  they  implied 
were  essentially  erroneous  and  unsound ;  for  they  did 
not  refer  distinctly  to  a  meaaurahle  Force  as  the  cause 
of  all  motion  or  change  of  motion ;  and  they  con- 
causes  which  produce,  and  those  which 
,  motion.  Hence  such  principles  did  not  lead 
immediately  to  any  advance  of  knowledge,  though 
efibrta  were  made  to  apply  them,  in  the  cases  both  of 
terrestrial  Mechanics  and  of  the  motions  of  the  hea- 
venly bodies. 

The  effect  of  the  Inclined  Plane  was  one  of  the  first, 
as  it  was  one  of  the  most  important,  propositions,  on 
which  modem  writers  employed  themBelves.     It  "Wsa 
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f(nind  IJiat  a.  body,  'when  supported  on  a  sloping  si 
fecOj  might  be  sustained  or  raised  by  a.  force  or  exer- 
tion -wliicli  would  not  have  been  able  to  sustain  or  raisB 
it  without  Buch  support.  And  hence,  The  IncUnei 
FUme  was  placed  in  the  list  of  Mechanical  Powers,  or 
simpls  machinea  by  which  the  efficacy  of  forces  i 
increased :  the  question  was,  in  what  proportion  this 
increase  of  efficiency  takes  place.  It  is  easily  seen 
that  the  force  requisite  to  Bustain  a  body  is  smaller,  i 
the  slope  on  which  it  resta  is  BmaJler;  Oardan  (whoaff 
work,  J)e  Froporiionihua  ^wmerorum,  Motwum,  Font 
derum,  ka.,  was  published  in  1545)  asserts  that  the 
force  is  double  when  the  angle  of  inclination  is  double, 
and  BO  on  for  other  proportions ;  this  is  probably  a 
guess,  and  is  an  erroneous  one.  Guido  Ubaldi,  of 
Marchmont,  published  at  Pesaro,  in  J577,  a  woA 
which  he  called  Mechanvxvwm  Liher,  in  which  ha 
endeavours  to  prove  that  an  acute  wedge  will  produce 
a  greater  mechanical  effect  than  an  obtuse  one,  withoat 
determining  in  what  proportion.  There  is,  he  observes, . 
*a  certain  repugnance'  between  the  direction  in  whiob 
the  side  of  the  wedge  tends  to  move  the  obstacle,  anct 
the  direction  in  which  it  really  does  move.  Thus  th» 
Wedge  and  the  Inclined  Plane  are  connected  in  prin» 
ciple.  He  also  refers  the  Screw  to  the  Inclined  Plane 
and  the  Wedge,  in  a  manner  which  shows  a  just  appre- 
hension of  the  question.  Benedetti  (1585}  treats  tha 
Wedge  in  a  different  manner ;  not  exact,  but  still' 
showing  some  powers  of  thought  on  mechanical  sub- 
jects. Michael  Varro,  whose  Traetatim  de  Motv,  waa 
published  at  Geneva  in  1584,  deduces  the  wedge  froia> 
the  com])osition  of  hypothetical  motionB,  in  a  way 
which  may  appear  to  some  persons  an  anticipation  c 
the  doctrine  of  the  Composition  of  Forces. 

There  ia  another  work  on  subjects  of  this  kind,  t 
which  several  editions  were  publmhed  in  the  aixteentB 
century,  and  which  treats  this  matter  in  nearly  th« 
same  way  as  Varro,  and  in  favour  of  which  a  daim  hi 
been  made'  (I  think  an  unfounded  one),  as  if  it  ooj 

'  sir.  DrlnkwUefe  Life  <tf  GaliUn,  Sn  ■iain  Ul).  V^vA.  Kn.  ^,  Bi- 
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tained  the  true  principle  of  this  problem.  The  work 
is  '  Jordanus  Nemorariua  Do  FonderosUate,'  The  date 
and  histoiy  of  this  author  were  probably  even  then 
unknown;  for  in  1599,  Benedetti,  correcting  some  of 
the  errours  of  Tartalea,  Bays  they  are  taken  '  a  Jordano 
qnodam  antiquo,'  The  book  was  probably  a  kind  of 
school-book,  and  much  need ;  for  an  edition  printed  at 
Fnmkfort,  in  1533,  is  stated  to  be  Owm  gratia  ei  pri- 
vilege Ivijieriali,  Petro  Apiano  math«/iuUico  Ini/ol- 
ttadtarw  ad  xxx  annoa  eonesaso.  But  this  edition 
docs  not  contain  the  Inclined  Plane.  Though  those 
who  compiled  the  work  assert  in  words  something  like 
the  inverse  proportion  of  Weights  and  their  Velocities, 
tiiey  had  not  learnt  at  tjpat  time  how  to  apply  this  • 
nuxim  to  the  Inclined  Plane ;  nor  were  they  ever  able 
to  render  a  sound  reason  for  it.  In  the  edition  of 
Venice,  1 563,  however,  such  an  application  ia  attempted. 
The  reasonings  are  founded  on  the  Aristotelian  assump- 
tion, '  that  bodies  descend  more  quickly  in  pi-oportion 
IS  they  are  heavier.'  To  this  principle  are  added  some 
others ;  as,  that '  a  body  is  heavier  in  proportion  aa  it 
descends  more  directly  to  the  center,'  and  that,  in  pro- 
portion as  a  body  descends  more  obliquely,  the  inter- 
cepted part  of  the  direct  descent  is  smaller.  By  means 
of  these  principles,  the  'descending  force'  of  bodies,  on 
inclined  planes,  was  cam]iared,  by  a  process,  which,  bo 
&r  a«  it  forms  a  line  of  proof  at  all,  ia  a  somewhat 
enriouB  example  of  confused  and  vicious  reasoning. 
ffhen  two  bodies  are  supported  on  two  inclined  planes, 
ud  are  connected  by  a  string  passing  over  the  junction 
of  the  planes,  so  that  when  one  descends  the  other 
Uoends,  they  must  move  through  equal  spaces  on  tlie 
planes;  but  on  the  plane  which  is  more  oblique  (that 
is,  more  nearly  horizontal),  the  vertical  descent  will  bo 
Bmaller  in  the  same  proportion  in  which  the  plane  is 
Iimger.  Hence,  by  the  Aristotehan  princijile,  the 
veight  of  the  body  on  the  longer  plane  is  less;  and,  to 
tiroduoe  an  equality  of  effect,  the  body  must  be  greater 
m  the  same  proportion.  We  may  observe  that  the 
Aristotelian  principle  is  nut  on]y  iulae,  but  is  here 
v^appiied;  A>r  its  geauino  meaning  is,  that  'wWa 


» 


bo^m/all/reely  by  gravity,  they  move  quicker  in  ja»-  U 
portioQ  an  they  are  heavier ;  but  the  rule  b  here  ^iplied  ■ 
to  the  motions  which  bcxlies  would  have,  if  they  wen  I 
moved  by  a  force  estraneovts  to  their  gravity.  The  I 
[iropoaitiGiit  was  supposed  by  the  Aristotelians  to  be  I 
true  of  ad-aal  velocities;  it  is  applied  by  Jordanos  to  I 
virtual  velocities,  without  his  being  aware  what  he  { 
wan  doing.  This  confusion  being  made,  the  result  is  I 
got  at  by  taking  for  grsjited  that  bodies  thua  proved  to  [ 
be  eqoaUy  heavy,  have  equal  powers  of  descent  on  the 
inclined  planes  ;  whereas,  in  the  previous  part  of  tha 
reasoning,  the  weight  was  supposed  to  be  proportiooal  I 
to  the  descent  in  the  vertical  direction.  It  is  obvious,  | 
k  in  all  this,  that  though  the  author  had  adopted  the  | 
lalse  Aristotelian  principle,  he  had  not  settled  in  hia  [ 
own  mind  whether  the  motions  of  which  it  spoke  were  I 
actual  or  virtual  motions ; — motions  in  the  direction  | 
of  the  inclined  plane,  or  of  the  intercepted  parts  of  the  [ 
vertical,  corresponding  to  these ;  nor  whether  the  \ 
'  descending  force'  of  a  body  was  something  different  I 
from  ite  weight  We  cannot  doubt  that,  if  he  had  I 
been  required  to  point  out^  with  any  exactness,  the  I 
cases  to  which  his  reasoning  applied,  he  would  have  { 
been  unable  to  do  so ;  n  ot  possessing  any  of  those  clear  I 
ftindamental  Ideas  of  Pr^ure  and  Foi-ce,  on  whioh  ( 
al'ino  any  real  knowledge  on  such  subjects  must  depend. 
The  whole  of  Jordanus.'s  reasoning  is  an  example  of 
the  confusion  of  thought  of  hia  period,  and  of  nothing  J 
more.  It  do  more  supplied  the  want  of  some  man  otl 
genius,  who  should  give  the  subject  a  real  scientifiol 
foiindtttion,  than  Aristotle's  knowledge  of  the  propor-  q 
tion  of  the  weights  on  the  lever  superseded  the  neoes-  ■ 
sity  of  Arcliimedes's  proof  of  it. 

We  are  not,  therefore,  to  wonder  that,  though  this 
nretonded  theorem  was  copied  by  other  writers,  as  by 
Tartalea,  in  his  Quegili  et  Invmtioni  Diveni,  published 
in  1554)  no  progress  wtis  made  ia  the  real  solution  of 
any  one  mechanical  problem  by  means  of  it.  Guido 
Ubaldi,  who,  in  1577,  writes  in  such  a  manner  as  to 
mIiow  tliat  he  had  taken  a  good  hold  of  his  subject  for 
hh  time,  ro/ers  to  Pappus's  aolutioa  of  tiie  ^lobUm  qf 
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the  Inclineil  Plane,  but  makes  no  mention  of  that  of 
Jordanus  and  Tartalea.^  No  progress  was  likely  to 
occur,  till  the  mathematicians  had  distinctly  recovered 
the  genuine  Idea  of  ProBsure,  as  a  Force  producing 
equilibrium,  which  Arcliimedea  Lad  poaseased,  and 
"which  waa  soon  to  reappear  in  Stevinua. 

The  properties  of  the  Lerer  had  always  continued 
known  to  mathematicians,  although,  in  the  dark  period, 
the  superiority  of  the  proof  given  by  Archimedes  had 
not  been  recognlTed,  We  are  not  to  be  surprised,  if 
reasonings  like  those  of  Jordanus  were  applied  to 
demonstrate  the  theories  of  the  Lever  with  apparent 
success.  Writers  on  Mechanics  were,  aa  we  have  seen, 
so  vacillating  in  their  mode  of  dealing  with  words  and 
propositions,  that  their  maiims  could  be  made  to  prove 
anything  which  was  already  known  to  bo  tnie. 

We  proceed  to  apeak  of  the  beginning  of  the  real 
progress  of  Mechanics  in  modem  times. 

Sect-  a. — Mevival  of  the  Scimtifie  Idea  of  Pressure. — 
SievivMS. — Equilibrium  cf  Oblique  Forces. 

The  doctrine  of  the  Center  of  Gravity  was  the  part  of 
the  mechanical  speculations  of  Archimedes  which  was 
most  diligently  prosecuted  afber  his  time.  Pappus  and 
others,  among  the  ancients,  had  solved  some  new  pro- 
blems on  this  subject,  and  Comjnandinus,  in  1^65,  pub- 
lished De  Centra  Gravitatis  Solidorum.  Such  treatises 
contained,  for  the  most  part,  only  mathematical  conse- 
quences  of  the  doctrines  of  Archimedes  ;  but  the  ma- 
thematicians  also  retained  a  steady  conviction  of  the 
mechaDical  property  of  the  Center  of  Gravity,  namely, 
that  all  the  weight  of  the  body  might  be  coUected 
there,  without  any  change  in  the  mechanical  results  ; 
a  conviction  which  is  closely  connected  with  our  fun- 
damental conceptions  of  mechanical  action,  Such  a 
principle,  also,  will  enable  us  to  determine  the  result 
of  many  simple  mechanical  arrangements ;  for  instance, 

*  VhaW  meaftoBa  and  blames  Jenlanoc'i  najof  treatlDB  Ihel.WSt. 
(Sea  Ml  rrvthM.} 
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if  a  mathematician  of  those  days  had  been  asked 
whether  a  solid  baD  could  be  made  of  such  a  form, 
that,  vhcn  placed  on  a  horizontal  plane,  it  should  go 
on  rolling  forwards  without  limit,  merely  by  the  effect 
of  its  own  weight,  he  would  probably  have  answered, 
that  it  could  not ;  for  that  the  center  of  gravity  of  the 
ball  would  seek  the  lowest  position  it  could  find,  and 
that,  when  it  had  found  this,  the  ball  could  have  no 
tendency  to  roU  any  further.  And,  in  making  this 
assertion,  the  supposed  reasoner  would  not  be  antici- 
pating any  wider  proofs  of  the  im]>ossibility  of  a  per- 
pePual  motion,  drawn  from  principles  subsequently 
discovered,  but  would  be  refewing  the  question  to  cer- 
tain fundamental  convictions,  which,  whether  put  into 
Axioms  or  not,  inevitably  accompany  our  mechanical 
conceptions. 

In  the  same  way,  if  Stevinus  of  Bruges,  in  1586, 
when  he  published  his  Beghinselen  der  WaagheonH 
(Principles  of  Equilibrium),  had  been  naked  why  a 
loop  of  chain,  hung  over  a  triangular  beam,  could  not, 
as  he  asserted  it  could  not,  go  on  moving  round  and 
round  perpetually,  by  the  action  of  its  own  weight,  ha 
would  pi'obably  have  answered,  that  the  weight  of  the 
chain,  if  it  produced  motion  at  all,  must  have  a  ten- 
dency to  bring  it  into  some  certain  position;  and  that 
when  the  chain  had  reached  this  position,  ifwonld, 
have  no  tendency  to  go  any  further ;  and  thus  he 
would  have  reduced  the  impossibility  of  such  a  j)er- 
petual  motion,  to  the  conception  of  gravity,  as  a  force 
tending  to  produce  equilibrium ;  a  principle  perfectly 
sound  and  correct. 

Upon  tins  principle  thus  applied,  Stevinus  did  esta- 
blish the  fundamental  property  of  the  Inclined  Plane. 
He  supposed  a  loop  of  string,  loaded  with  fourteen 
equal  balls  at  equal  distances,  to  bang  over  a  trian- 
gular iupport  which  was  composed  of  two  inclined 
planes  with  a  horizontal  base,  and  whose  sides,  being 
unequal  ia  the  proportion  of  two  to  one,  supported 
four  and  two  balls  respectively.  He  showed  that  this 
loop  must  hang  at  rest,  because  any  motion  would 
oulj^  bring  it  into  the  same  condition  m-w\id&S.\-^»a. 
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at  first ;  and  that  the  ieatoou  of  eight  balls  which  himg 
down  below  the  triangle  might  be  removed  without 
disturbing  the  equilibrium  ;  ho  that  iovr  balls  on  the 
longer  plane  would  balauce  two  balls  on  the  shorter 
plane ;  or  in  other  worda,  the  weights  would  be  as  the 
length  of  the  planes  intercepted  by  the  horizontal  line. 

StevinuB  showed  his  firm  possession  of  the  truth 
contained  in  this  principle,  by  deducing  from  it  the 
properties  of  forces  acting  in  oblique  directions  under 
all  kinds  of  conditions  ;  in  short,  he  showed  his  entire 
ability  to  found  upon  it  a  complete  doctrine  of  equili- 
brium; and  upon  his  foundations,  and  without  any 
additional  support,  the  mathematical  doctrines  of  Sta- 
tics might  have  been  carried  to  the  highest  pitch  of 
perfection  they  have  yet  reached.  The  formation  of 
the  science  was  finished  ;  the  mathematical  develops- 
meat  and  exposition  of  it  were  alone  open  to  extension 
and  change. 

[and  Ed.l  ['  Simon  Stevin  of  Bruges,'  as  he  usually 
designates  himself  in  the  title-page  of  his  work,  has 
lately  beoomo  an  object  of  geneml  interest  in  his  own 
conotry,  and  it  has  been  resolved  to  erect  a  statue  in 
honour  of  him  in  one  of  the  public  places  of  his  native 
city.  He  was  bom  iu  1548,  as  I  learn  from  M. 
Qaetelet's  notice  of  him,  and  died  in  i6zo.  Montucla 
says  that  he  died  in  1633  ;  misled  apparently  by  the 
preface  to  Albert  Girard's  edition  of  Steviu's  works, 
which  was  published  in  1634,  and  which  speaks  of  a 
death  which  took  place  in  tlie  preceding  year;  but  on 
examination  it  will  be  aeen  that  this  refers  to  Girard, 
not  to  Stevin. 

I  ought  to  have  mentioned,  in  consideration  of  the 
importance  of  the.  proposition,  that  Stevin  distinctly 
states  the  triangle  oj'/orcee  ;  namely,  that  three  forces 
which  act  upon  a  point  are  iii  equilibrium  when  they 
are  parallel  and  proportional  to  the  three  sides  of  any 
plane  triangle.  This  includes  the  principle  of  the 
Qmiponiion  of  Staiicai  Forces.  Stevin  also  applies  his 
principle  of  equilibrium  to  cordage,  pullies,  fvmicuVai 
polygi/us,  and  eBpecially  to  the  bits  of  bridiea  ■,  ft 
brunch  o/mecbanica  which  be  calls  ChalimtUip^. 
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He  has  also  the  merit  of  having  seen  very  clearlyj 
the  distinction  of  statical  and  dynamical  problems. 
He  remarks  that  the  question,  What  force  will  support 
a  loaded  tragon  on  an  inclined  plane  1  is  a  statical 
ending  on  simple  conditions:  but  that 
,  What  force  will  Tiiove  the  wagon)  roi- 
quires  additional  conaiderations  to  be  introduced. 

In  Chapter  iv.  of  this  Book,  I  have  noticed  Stevin'j 
share  in  the  re-discovery  of  the  Lawg  of  the  EquiH-'- 
hriimi  of  Flaid».  He  distinctly  explains  the  hj/dro 
static  paradox,  of  which  the  discovery  is  generally 
aacaibed  to  Pascal. 

Earlier  than  Stevinua,  Leonardo  da  Vinci  must  have 
a  place  among  the  discoverers  of  the  Conditions  of 
Equilibrium  of  Oblique  Forces.  He  published  no' 
work  on  this  subject ;  but  extracts  from  his  mami- 
ecriptfl  have  been  published  by  Venturi,  in  his  Esaai 
«W  les  Ouvrages  Phyxico-Matliemaliques  de  Ltmuiird  dtt 
ViTiei,  avec  des  Fragraeng  tires  de  ses  Maniiscrits  a_ 
partes  d'ltalie.  Paris,  1797  ;  and  by  Libri,  in  his 
Hi»t.  des  Se.  Math,  en  Itcdie,  1839.  I  have  also  i 
aelf  examined  these  manuscripts  in  the  Boyal  Library 
at  Paris. 

It  appears  that,  as  early  as  1499,  Leonardo  gave  a' 
perfectly  correct  statement  of  the  proportion  of  th& 
forces  exerted  by  a  cord  which  acts  obliquely  and  sup- 
ports a  weight  on  a  lever.  He  distinguishes  between 
the  real  lever,  and  the  potential  levers,  that  is,  the  per- 
pendiculars drawn  Irom  the  center  upon  the  directions 
of  the  forces.  This  is  quite  sound  and  satisfactory. 
These  views  must  in  all  probability  have  been  suffi- 
ciently promulgated  in  Italy  to  influence  the  specula- 
tions of  Galileo ;  whose  reasonings  respecting  the  lever 
much  resemble  those  of  Leonardo.  —  Da  Vinci  also' 
anticipated  Galileo  in  asserting  that  the  time  of  descent 
of  a  body  down  an  inclined  plane  is  to  the  time  of 
descent  down  its  vertical  length  in  the  proportion  of 
the  length  of  the  plane  to  the  height.  But  this  can- 
not, I  think,  have  been  more  than  a  guess;  there  is' 
so  vestige  of  a  proof  given.'J 
He  contemporaneous  progteaaoi  ftiB  iAiwit''MKa'2«c 
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of  mechanics,  the  Dodrine  of  Motion,  interfered  with 
tius'  independent  advance  of  Statics;  and  to  that  we 
Juast  now  turn.  We  may  observe,  however,  that  true 
propositioua  respecting  the  composition  of  forces  appear 
to  have  rapidly  diffused  themselves.  The  Traelatus 
i«  Motu  of  Michael  Varro  of  Geneva,  already  noticed, 
printed  in  1584,  had  asserted,  that  the  forces  which 
balance  each  other,  acting  on  the  aides  of  a  right- 
sngled  triangular  wedge,  are  in  the  proportion  of  the 
Hides  of  the  triangle  J  and  although  this  assertion  does 
uot  appear  to  have  been  derived  from  a  distinct  idea 
of  pressure,  the  author  had  hence  rightly  deduced  the 
properties  of  the  wedge  and  the  screw.  And  shortly 
&tW  this  time,  Galileo  also  established  the  same  results 
on  different  principles.  In  his  Treatise  DdU  Sd^tze 
iftoonicAe  (159^),  be  refers  the  Inclined  Plane  to  the 
Lever,  in  a  sound  and  nearly  satisfactory  manner ; 
ima^^ning  a  lever  so  placed,  that  the  motion  of  a  body 
st  the  extremity  of  one  of  its  arms  should  be  in  the 
tame  direction  as  it  is  upon  the  plane.  A  alight  modi- 
fication  makes  thia  an  unexceptionable  proof. 

Sed.  3. — Prdude,  to  the  Science  0/ Dynamics. — 
AtlempU  at  tlte  First  Law  of  Motion. 

Wb  have  already  seen,  that  Aristotle  divided  Motions 
into  Natural  aud  Violent.  Cardan  endeavoured  to 
improve  this  division  by  making  three  classes  ;  Volan- 
larg  Motion,  which  is  circular  and  uniform,  and  which 
is  intended  to  include  the  celestial  motions ;  Natural 
Motion,  which  is  stronger  towards  the  end,  as  the 
motion  of  a  falling  body ;— this  is  in  a  straight  line, 
because  it  is  motion  to  an  end,  and  nature  seeks  her 
ends  by  the  shortest  road :  and  thirdly,  ViderU  Motion, 
including  in  this  term  all  kinds  different  from  the 
iiirmer  two.  Cardan  was  aware  that  such  Violent 
Uotion  might  be  produced  by  a  very  small  force  ;  thus 
he  asserts,  that  a  spherical  body  resting  on  a  horizontal 
plane  may  be  put  in  motion  by  any  force  which  is 
sufficient  to  deave  the  air;  for  which,  however,  te 
eoaaljr  assigns  as  a  reason,  the  smallness  oi  the 
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point  of  contact.^  But  the  most  cotnmon 
of  this  period  was,  that  of  supposing  that  as  force  JB 
requisit*  to  move  a  body,  so  a  perjietunl  supply  of 
force  is  requisite  to  teep  it  in  motion.  The  vhola  of 
what  Kepler  called  his  'j'hysical'  reasoning,  depended 
upon  this  assiira])tion.  He  endeavoured  to  discover 
the  forces  by  which  the  motions  of  the  planeta  aboat 
the  Bun  might  be  produced ;  but,  in  all  cases,  lie  con- 
sidered the  velocity  of  the  planet  aa  produced  by,  and 
exhibiting  the  effect  of,  a  force  which  acted  in  the 
direction  of  the  motion.  Kepler's  esaaya,  which  are  in 
this  respect  so  feeble  and  unmeaning,  have  sometimes 
been  considered  as  disclosing  some  distant  antidpatdoo. 
of  Newton's  discovery  of  the  eadstenoe  and  law  of  cei^ 
traJ  forces.  There  is,  however,  in  reality,  no  othw 
connexion  between  these  speculations  than  that  whicli' 
arises  from  the  use  of  theterm_/brcebythe  twowrite». 
in  two  utterly  different  meanings.  Kepler's  Force*' 
were  certain  imaginary  qualities  which  appeared  in  ths' 
actual  motion  which  the  bodies  had ;  Newton's  Forces 
were  causes  which  appeared  by  the  change  of  motion  ;  i 
Kepler's  Forcea  urged  the  bodies  forwards ;  Newton'a 
deflected  the  bodies  from  such  a  progress.  If  Kepler's 
Forces  were  destroyed,  the  body  would  instantly  stop; 
if  Newton's  were  annihilated,  the  body  would  go  on 
uniformly  in  a  straight  line.  Kepler  compares  the 
action  of  his  Forces  to  the  way  in  which  a  body  might 
he  driven  round,  by  being  placed  among  the  sails  at  a 
windmill ;  Newton's  Forces  would  be  represented  by 
a  rope  pulling  the  body  to  the  center.  Newton'g 
Force  is  merely  mutual  attraction;  Kepler's  is  some- 
thing quite  different  from  this ;  for  though  he  per- 
petually illustrates  his  views  by  the  example  of  a 
magnet,  he  wama  «a  that  the  sun  differs  from  th« 
magnet  in  this  respect,  that  its  force  is  not  attractive, 
but  directive.*     Kepler's  esaaya  may  with  considerable 
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^^eaaon  be  asserted  to  be  an  anticipation  of  the  Yor- 
tioes  of  Descartes ;  but  they  can  with  no  propriety 
vluiteYer  be  said  to  anticipate  Newton's  Dynamical 
Theory. 

The  confusion  of  thought  which  prevented  mathe- 
maticians from  seeing  the  difference  between  producing 
and  preserving  motion,  was,  indeed,  fatal  to  all  at- 
tempts at  progress  on  this  subject.  We  have  already 
noticed  the  perplexity  in  which  Aristotle  involved 
lumself,  by  his  endeavours  to  find  a  reason  for  the  con- 
tinued motion  of  a  stone  after  the  moving  power  had 
ceased  to  act ;  and  that  he  had  ascribed  it  to  the  effect 
of  the  air  or  other  medium  in  which  the  stone  moves. 
Tartalea,  whose  Nuova  Sdenza  is  dated  1550,  though 
a  good  pv/re  mathematician,  is  still  quite  in  the  dark 
on  mechanical  matters.  One  of  his  propositions,  in 
the  work  just  mentioned,  is  (B.  L  Prop.  3),  '  The  more 
a  heavy  body  recedes  from  the  beginning,  or  approaches 
the  end  of  violent  motion,  the  slower  and  more  inertly 
it  goes ;'  which  he  applies  to  the  horizontal  motion  of 
projectiles.  In  like  manner  most  other  writers  about 
this  period  conceived  that  a  cannon-ball  goes  forwards 
till  it  loses  all  its  projectile  motion,  and  then  falls 
downwards.  Benedetti,  who  has  already  been  men- 
tioned, must  be  considered  as  one  of  the  first  enlight- 
ened opponents  of  this  and  other  Aristotelian  errours 
or  puzzles.  In  his  Specidationum  Libera  (Venice,  1585,) 
he  opposes  Aristotle's  mechanical  opinions,  with  great 
expressions  of  respect,  but  in  a  very  sweeping  manner. 
His  chapter  xxiv.  is  headed,  *  Whether  this  eminent 
man  was  right  in  his  opinion  concerning  violent  and 
natural  motion.'  And  after  stating  the  Aristotelian 
opinion  just  mentioned,  that  the  body  is  impelled  by 
the  air,  he  says  that  the  air  must  impede  rather  than 
impel  the  body,  and  that^  *the  motion  of  the  body, 
separately  from  the  mover,  arises  by  a  certain  natural 
impression  from  the  impetuosity  {ex  impetuosUate) 
received  from  the  mover.*  He  adds,  that  in  natural 
motions  this  impetuosity  continually  increases,  by  the 
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contimied  action,  of  the  cause, — ^namely,  the  propension 
of  going  to  the  place  assigned  it  by  nature;  and  that 
thus  the  velocity  increases  as  the  body  moves  fix>m  the 
beginning  of  its  path.  This  statement  shows  a  clear- 
ness of  conception  with  regard  to  the  cause  of  acce- 
lerated motion,  which  Galileo  himself  was  long  in 
acquiring. 

Though  Benedetti  was  thus  on  the  way  to  the  First 
Law  of  Motion, — ^that  all  motion  is  uniform  and  recti- 
linear, except  so  far  as  it  is  affected  by  extraneous 
forces  ; — ^this  Law  was  not  likely  to  be  either  generally 
conceived,  or  satisfactorily  proved,  till  the  other  Laws 
of  Motion,  by  which  the  action  of  Forces  is  regulated, 
had  come  into  view.  Hence,  though  a  partial  appre- 
hension of  this  principle  had  preceded  the  discovery 
of  the  Laws  of  Motion,  we  must  place  the  establish- 
ment of  the  principle  in  the  period  when  those  Laws 
were  detected  and  established,  the  period  of  Galileo 
and  his  followers. 
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CHAPTER  11. 

IiroucnvE  Epoch  op  Galileo. — Discovery  op  the 
Laws  of  Motion  in  Simple  Cases. 


Sect.  I. — JEstablishment  of  the  First  Law  of  Motion. 

AFTER  mathematicians  had  begun  to  doubt  or 
reject  the  authority  of  Aristotle,  they  were  still 
some  time  in  coming  to  the  conclusion,  that  the  dis- 
tinction of  Natural  and  Violent  Motions  was  altogether 
untenable; — ^that  the  velocity  of  a  body  in  motion 
increased  or  diminished  in  consequence  of  the  action  of 
extrinsic  causes,  not  of  any  property  of  the  motion 
itself; — and  that  the  apparently  universal  fact,  of 
bodies  growing  slower  and  slower,  as  if  by  their  own 
disposition,  till  they  finally  stopped,  from  which  Motions 
had  been  called  Violent,  arose  from  the  action  of  ex- 
ternal obstacles  not  immediately  obvious,  as  the  friction 
and  the  resistance  of  the  air  when  a  ball  runs  on  the 
ground,  and  the  action  of  gravity,  when  it  is  thrown 
upwards.  But  the  truth  to  which  they  were  at  last 
led,  was,  that  such  causes  would  account  for  all  the 
diminution  of  velocity  which  bodies  experience  when 
apparently  left  to  themselves;  and  that  without  such 
causes,  the  motion  of  all  bodies  would  go  on  for  ever, 
in  a  straight  line  and  with  a  uniform  velocity. 

Who  first  announced  this  Law  in  a  general  form,  it 
may  be  difficult  to  point  out;  its  exact  or  approximate 
truth  was  necessarily  taken  for  granted  in  all  complete 
investigations  on  the  subject  of  the  laws  of  motion  of 
Ming  bodies,  and  of  bodies  projected  so  as  to  describe 
curves.  In  Galileo's  first  attempt  to  solve  the  problem 
of  felling  bodies,  he  did  not  carry  his  analysis  back  to 
the  notion  of  force,  and  therefore  this  law  does  not. 
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nion  on  this    ] 


appear.     In  1604  he  had  an  erroneous  opinion  c 
subject;  and  we  do  not  know  when  he  woe  led  to  the 
true  doctrine  which  he  published  in  Ins  Digeorso,  in 
1638.     In  hb  third  Dialogue  he  gives  the  instance  of 
■water  in  a  vessel,  for  tie  purpose  of  showing  that  cir- 
cular motion  has  a  tendency  to  continue.     And  in  hia 
first  Dialogue  on  the  Copemican  System '^  (published  in 
1630),  he  asscrte  Circular  Motion  alone  to  be  naturatlj 
muform,  and  retains  tlie  distinction  between.  Natural 
and  Violent  Motion.      In  the  Dialoffues  on  Mechcmieg, 
however,  published  in  1638,  but  written  aprmrently  at 
an  earlier  period,  in  treating  of  Projectiles,^  he  aeserk 
the  true  Law.     '  Mobile  super  planum  horizoutale  pro-   1 
jectum  mente  concipio  omui  sccIubo  impediments;  ' 
constat  ex  his  quie  fuaiuB  alibi  dicta  sunt,  illius  ntotu 
equabilem  et  perpetuum  super  ipso  piano  futunun  e 
si  planum   in    infinitum  extendatur.'      '  Conceive   I 
m.oveable  body  u])ou  a  horizontal  plane,  and  suppc 
all  obstacles  to  motion  to  be  removed ;  it  is  then  n 
feat,  from  what  has  been  said  more  at  large  in  anc 
place,  that  the  body's  motion  will  be  uniform  and  pfli*^!B 
petual  upon  the  plane,    if  the  plane  be  indefinitely! 
extended.'     His  pupil,  fiorclii,  in  16G7  (in  the  treatialif 
De  Yi  Pereusmonis),  states  the  proposition  generally 
that  'Velocity  is,  by  its  nature,  uniform  and  j 
tual ;'  and  this  ojiinioa  appears  to  have  been,  at  thaijl 
time,  generally  difiiised,  as  we  find  evidence  u 
and  oUiere.     It  is  commonly  said  that  Descartes  v 
the  first  to  state  this  generally.     His  Pritieipia  yi 
published  in  1 644 ;  but  his  proofs  of  this  First  Law  41 
Motion  are  rather  of  a  theological  than  of  a  mechaniod 
kind.     His  reason  for  this  Law  is,^  '  the  immutability 
and  simplicity  of  the  operation  by  which  God  preserve^l 
motion  in  matter.      For  he  only  preaerveB  it  precisely  fl 
as  it  is  in  that  moment  in  which  ho  preserves  it,  taking.  A 
no  account  of  tliat  which  may  have  been  previously?  1 
E:eBaouing  of  tltis  abstract  and  &  priori  kind,  though  it.l 
may  lie  urged  in  favour  of  true  opinions  after  they  " 
have  been  inductively  established,   is  almost  equally 
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capable  of  being  called  in  on  the  aid«  of  errour,  as  we 
have  seen  in  tlie  case  of  Aristotle's  philoaophy.  We 
ought  not,  howeTer,  to  forget  that  the  reference  to 
these  abstract  and  &  priori  principlea  is  an  indication 
of  the  absolute  universality  and  necessity  which  we 
look  for  in  complete  Sciences,  and  a  result  of  those 
faculties  by  which  such  Science  ia  rendered  possible, 
and  suitable  to  man's  inteUectual  nature. 

The  induction  by  which  the  Pirst  Law  of  Motion  is 
establi^ed,  consists,  aa  induction  consists  in  all  caaea, 
in  (Mnceiving  clearly  the  Law,  and  in  perceiving  the 
Bubordination  of  Facta  to  it.  But  the  Law  speaks  of 
bodies  not  acted  upon  by  any  external  force, — a  case 
which  never  occurs  in  fact ;  and  the  difficulty  of  the 
step  consisted  in  bringing  all  the  common  cases  in 
which  motion  is  gradually  extinguished,  under  the 
nation  of  the  action  of  a  retarding  force.  In  order  to 
do  this,  Hooke  and  others  showed  that,  by  diminishing 
the  obvious  resistances,  the  retardation  also  became 
leas;  and  men  were  gradually  led  to  a  distinct  appreci- 
ation of  the  Eeaistance,  Friction,  4c.,  which,  in  all 
terrestrial  motions,  prevent  the  Law  from  being  evi- 
dent; and  thus  they  at  last  established  by  experiment 
a  Law  which  cannot  he  experimentally  exemplified. 
The  natural  uniformity  of  motion  was  proved  by 
examining  all  kinds  of  cases  in  which  motion  was  not 
unifonn.  Men  culled  the  abstract  Rule  out  of  the 
concrete  Experiment;  although  the  Kule  was,  in  every 
case,  mixed  with  other  Rules,  and  each  Rule  could  be 
collected  from  the  Experiment  only  by  supposing  the 
others  known.  The  perfect  simplicity  whidi  we  neces- 
sarily seek  for  in  a  law  of  nature,  enables  us  to  disen- 
tangle the  complexity  which  tbis  combination  appears 
at  first  sight  to  occasion. 

The  First  Law  of  Motion  asserts  that  the  motion  of 
a  body,  when  letl  to  itself,  will  not  only  be  uniform, 
but  rectilinear  also.  This  latter  i>art  of  the  law  ia 
indeed  obvious  of  itself,  aa  soon  aa  we  couceive  a  body 
detached  from  all  special  reference  to  external  points 
and  object*  Yet,  aj  we  buve  seen,  Galileo  aasetteAftiBfc 
the  naturallj  aniform  motion  of  Ijodies  was  tkat  W^nV 
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takes  place  in  a  circle.  Benedetti,  however,  in  1585, 
hud  entertained  sound  notions  on  this  subject  In 
commenting  on  Aristotle's  question,  why  we  obtain  an 
advantage  in  throwing  by  using  a  sling,  he  says,*  that  1 
the  body,  when  whirled  round,  tenda  to  go  on  in  a 
straight  liiia  la  Galileo's  second  Dialogue,  he  makee 
one  of  hia  interlocutors  (Simplicio),  when  appealed  to 
on  this  subject,  after  thinMng  intently  for  a  little 
■while,  give  the  same  opinion;  and  the  principle  is,  fixon 
thia  time,  iafcen  for  granted  by  the  authors  who  treat 
of  the  motion  of  projectiles.  Descartes,  as  might  be 
supposed,  gives  the  same  reason  for  this  as  for  tie 
other  part  of  the  law,  namely,  the  immutability  of  tb^M 
Deity.  ' 


i  Application  of  Uie  JPbfto^ 
—Lo/uia  of  Ffdlimj  Bodiea, 
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We  have  seen  how  rudo  and  vague  were  the  atte 
of  Aristotle  and  his  followers  to  obtain  a  philosophy 
bodice  falling  downwards  or  thrown  in  any  directioa^.l 
If  the  First  Law  of  Motion  had  been  cleavSy  known, 
it  would  then,  perhaps,  have  been  seen  that  the  way 
to  understand  and  analyse  the  motion  of  any  body,  is 
to  consider  the  Causes  of  cliange  of  motion  which  at 
each  inafant  operate  upon  it;  and  thus  men  would 
have  been  led  to  the  notion  of  Accelerating  Forces, 
that  is.  Forces  which  act  upon  bodies  already  in  motion, 
and  accelerate,  retard,  or  deflect  their  motions.  It 
was,  however,  only  after  many  attempts  that  th^ 
reached  this  point.  They  began  by  considering  tho 
whole  motion  with  reference  to  certain  ill-defined  abs- 
tract Notions,  instead  of  considering,  with  a  clear 
apprehension  of  the  conditions  of  Causation,  the  #uc- 
eeasive  parts  of  which  the  motion  consists.  Thus,  they 
spoke  of  tho  tendency  of  bodies  to  the  Center,  or  to 
their  Own  Place; — of  Projecting  Force,  of  Impetus,  of 
Betraction; — with  little  or  no  profit  to  knowledge. 
The  indistinctneBB  of  their  notions  may,  perhaps  1; 

*  '  Coipiu  VGliet  recti  iter  peragere.'    ^ptci^atiur, 
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judged  of  firom  tliaur  speculations  concerning  pro- 
jectiles. Santbach;^  in  1561,  imagined  that  a  body 
thrown  with  great  velocity,  as,  for  instance,  a  ball  from 
a  cannon,  went  in  a  straight  line  till  all  its  velocity 
was  exhausted,  and  then  fell  directly  downwards.  He 
has  written  a  treatise  on  gunnery,  founded  on  this 
absurd  assumption.  To  this  succeeded  another  doc- 
trine, which,  though  not  much  more  philosophical  than 
the  former,  agreed  much  better  with  the  phenomena. 
Nicolo  Tartalea  (Nuova  Scienza,  Venice,  1550;  Qns- 
siti  et  Inventioni  Diver  si,  1554)  and  Gualtier  Rivius 
(Architectiira,  &c.,  Basil,  1582)  represented  the  path  of 
a  cannon-ball  as  consisting,  first  of  a  straight  line  in 
the  direction  of  the  original  projection,  then  of  an  arc 
of  a  circle  in  which  it  went  on  till  its  motion  became 
vertical  downwards,  and  then  of  a  vertical  line  in  which 
it  continued  to  fall,  The  latter  of  these  writers,  how- 
ever, was  aware  that  the  path  must,  from  the  first,  be 
a  curve ;  and  treated  it  as  a  straight  line,  only  because 
the  curvature  is  very  slight.  Even  Santbach's  figure 
represents  the  path  of  the  ball  as  partially  descending 
before  its  final  fall,  but  then  it  descends  by  steps,  not 
in  a  curve.  Santbach,  therefore,  did  not  conceive  the 
Composition  of  the  effect  of  gravity  with  the  existing 
motion,  but  supposed  them  to  act  alternately ;  Eivius, 
however,  understood  this  Composition,  and  saw  that 
gravity  must  act  as  a  deflecting  force  at  every  point  of 
the  path.  Galileo,  in  his  second  Dialogue,^  makes 
Simplicius  come  to  the  same  conclusion.  'Since,'  he 
says,  *  there  is  nothing  to  support  the  body,  when  it 
quits  that  which  projects  it,  it  cannot  be  but  that  its 
proper  gravity  must  operate,'  and  it  must  immediately 
begin  to  decline  downwards. 

The  Force  of  Gravity  which  thus  produces  deflection 
and  curvature  in  the  path  of  a  body  thrown  obliquely, 
constantly  increases  the  velocity  of  a  body  when  it  falls 
vertically  downwards.    The  universality  of  this  increase 


*  ProblemtHum  Astronondcorum  et  Geometricorum  Sectiones  vii.  &c.  &o. 
Auctore  Daniele  Santbach,  Novioma  go.    Basiles,  1 5  ^  i . 
p.  147. 
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was  obvious,  both  from  reasoning  and  in  fact;  the  la'W 
of  it  could  only  be  disco-vered  by  closer  conaideration; 
and  the  full  analysis  of  tlie  problem  required  a  distinot 
meaaui-eof  the  quantity  of  Accelerating  Force.  Glalileo, 
who  first  solved  this  problem,  began  by  viewing  it  88 
a  question  of  fact,  but  conjectured  the  solution  by 
taking  for  granted  that  the  rule  must  be  the  eimplest 
possible.  '  Bodies,'  he  says,^  '  will  fall  in  the  most 
simple  way,  because  Natural  Motions  are  always  the 
most  simple.  WLen  a  stone  falls,  if  we  consider  the 
matter  attentively,  we  stall  find  that  there  is  no  addi- 
tion, no  increase,  of  the  velocity  more  simple  than  that 
which  is  always  added  in  the  same  manner,'  that  ia, 
when  equal  additions  take  plu«e  in  equal  times ;  '  which 
we  shall  easUy  understand  if  we  attend  to  the  close' 
conneiioa  of  motion  and  time."  EVom  this  Law,  thuB"' 
a.ssamed,  he  deduced  that  the  spaces  described  fron>; 
the  beginning  of  the  motion  must  be  as  the  squares  c£ 
the  times  ;  and,  again,  assuming  that  the  laws  of' 
t  for  balls  rolling  down  inclined  plan^,  must  be 
the  same  as  for  bodies  falling  freely,  he  verified  this 
conclusion  by  experiment. 

It  will,  perhaps,  occur  to  the  reader  that  this  argu- 
ment, from  the  simplicity  of  the  assumed  law,  ' 
what  insecure.  It  is  not  always  easy  for  ub  t 
what  that  greatest  aunplicity  is,  wluch  nature  adopts- 
r  laws.  Accordingly,  GalUeo  was  led  wrong  by 
this  way  of  viewing  the  subject  before  he  was  led 
right.  He  at  first  supposed,  that  tie  Velocity  wLioh 
the  body  had  acquired  at  any  point  must  be  propor- 
tional to  the  Spar^  described  from  the  point  where  tlie 
motion  began.  This  false  law  is  aa  simple  ii 
ciation  as  the  true  law,  that  the  Velocity  is  propoiv 
tional  to  the  Time :  it  had  been  asserted  as  the  true 
law  by  M.  Varro  {De  Motv,  Tractabas,  Genev»,  15S4), 
and  by  Baliani,  a  gentleman  of  Genoa,  who  published 
It  was,  however,  soon  rejected  by  Galileo, 
though  it  was  afterwards  taken  up  and  defended  by 
Cafineus,  one  of  Galileo's  opponents.     It 
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indeed,  that  the  false  law  ia  not  only  at  variance  vith 
taat,  but  with  itself:  it  involves  a  tuathemutiial  self- 
contradiction.  This  circumstance,  however,  was  acci- 
dental :  it  would  be  easy  to  state  laws  of  the  increase 
of  velocity  which  should  be  simjile,  and  yet  false  iu 
&ct,  though  quite  possible  in  their  own  nature. 

The  Law  of  Velocity  was  hitherto,  as  we  have  seen, 
tre&ted  as  a  law  of  pheaomeua,  without  reference  to 
the  Causes  of  the  law.  '  The  cause  of  the  acceleration 
of  the  motions  of  falling  bodies  is  not,'  Galileo  observes, 
'  a  necessary  |iart  of  the  investigation.  Opinions  are 
different.  Some  refer  it  to  the  approach  to  the  center ; 
othere  say  that  there  is  a  certain  extenaioQ  of  the  cen- 
trical mediiun,  which,  closing  behind  the  body,  pushes 
it  forwards.  For  the  present,  it  is  enough  for  us  to 
demonstrate  certain  properties  of  Accelerated  Motion, 
the  acceleiation  being  according  to  the  very  simple 
Iaw,  that  the  Velocity  ia  proportional  to  the  Time, 
And  if  we  find  that  the  properties  of  such  motion  are 
verified  by  the  motions  of  bodies  descending  freely,  we 
may  suppose  that  the  assumption  agrees  with  the  laws 
of  bodies  faUing  freely  by  the  action  of  gravity.'  * 

It  was,  however,  an  easy  step  to  conceive  this  acce- 
leration as  caused  by  the  continual  action  of  Gravity. 
This  account  had  already  been  given  by  Benedetti,  as 
we  have  seen.  Wheu  it  was  once  adopted.  Gravity 
yne  considered  as  a  constant  or  uniform  force  ;  on  this 
point,  indeed,  the  adherents  of  the  law  of  Galileo  and 
of  that  of  CaarKua  were  agreed ;  but  the  question  was, 
what  ia  a  Uniform  Force )  The  answer  which  Galileo 
was  led  to  give  was  obviously  ttis ; — lliat  is  a  Uniform 
Force  which  generates  equal  velocities  in  equal  suc- 
cessive times ;  and  this  principle  leads  at  once  to  the 
doctrine,  that  Forces  are  to  be  eomjiared  by  comparing 
the  Velocities  generated  by  them  iu  equal  times. 

Though,  however,  this  was  a  consequence  of  the  rule 
by  which  Gravity  is  represented  as  a  Uniform  Force, 
the  subject  presents  some  difficulty  at  first  sight.  It 
is  not  immediately  obvious  that  we  may  thus  n 


1 


26  HISTORY  OF  MECHANICS. 

forces  by  the  Velocity  added  in  a  given  time,  without 
taking  into  account  the  Velocity  they  have  already. 
If  we  communicate  velocity  to  a  body  by  the  hand  or 
by  a  spring,  the  effect  we  produce  in  a  second  of  time 
is  lessened,  when  the  body  has  already  a  velocity 
wHch  withdrawa  it  from  L  pressure  of  the  agent. 
But  it  appears  that  this  is  not  so  in  the  case  of  gravity; 
the  velocity  added  in  one  second  is  the  same,  whatever 
downward  motion  the  body  already  possesses.  A  body 
falling  from  rest  acquires  a  velocity,  in  one  second,  of 
thirty-two  feet ;  and  if  a  cannon-baJl  were  shot  down- 
warcfe  with  a  velocity  of  looo  feet  a  second,  it  would 
equally,  at  the  end  of  one  second,  have  received  an 
accession  of  32  feet  to  its  velocity. 

This  conception  of  Gravity  as  a  Uniform  Force, — 
as  constantly  and  equally  increasing  the  velocity  of  a 
descending  body, — ^will  become  clear  by  a  little  atten- 
tion; but  it  undoubtedly  presents  difficulty  at  first 
Accordingly,  we  find  that  Descartes  did  not  accept  it. 
*  It  is  certain,'  he  says,  *  that  a  stone  is  not  equally 
disposed  to  receive  a  new  motion  or  increase  of  velocity 
when  it  is  already  moving  very  quickly,  and  when  it 
is  moving  slowly.' 

Descartes  showed,  by  other  expressions,  that  he  had 
not  caught  hold  of  the  true  notion  of  accelerating 
force.  Thus,  he  says,  in  a  letter  to  Mersenne,  *  I  am 
astonished  at  what  you  tell  me,  of  having  found,  by 
experiment,  that  bodies  thrown  up  in  the  air  take 
neither  more  nor  less  time  to  rise  than  to  fall  again; 
and  you  will  excuse  me  if  I  say  that  I  look  upon  the 
experiment  as  a  very  difficult  one  to  make  accurately,' 
Yet  it  is  clear  from  the  Notion  of  a  Constant  Force  that 
(omitting  the  resistance  of  the  air),  this  equality  must 
take  place ;  for  the  Force  which  will  gradually  destroy 
the  whole  velocity  in  a  certain  time  in  ascending,  will, 
in  the  same  time,  generate  again  the  same  velocity  by 
the  same  gradations  inverted ;  and  therefore  the  same 
space  will  be  passed  over  in  the  same  time  in  the 
descent  and  in  the  ascent. 

Another  difficulty  arose  from  a  necessary  conse- 
quence  of  the  Laws  of  Falling  Bodies  t\iua  e^\a)c>^^v^<b^\ — 
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the  proposition,  namely,  tliat  in  acquiring  its  motion, 
a  body  passes  through  every  intermediate  degree  of 
velocity,  from  the  smallest  conceivable,  up  to  that 
which  it  at  last  acquires.  When  a  body  falls  from 
rest,  it  begins  to  fall  with  no  velocity;  the  velocity 
increases  with  the  time ;  and  in  one  thousandth  part 
of  a  second,  the  body  has  only  acquired  one  thousandth 
part  of  the  velocity  which  it  has  at  the  end  of  one 
second. 

This  is  certain,  and  manifest  on  consideration ;  yet 
there  was  at  first  much  difficulty  raised  on  the  subject 
of  this  assertion ;  and  disputes  took  place  concerning 
the  velocity  with  which  a  body  begins  to  fall.  On  this 
subject  also  Descartes  did  not  form  clear  notions.  He 
writes  to  a  correspondent,  *  I  have  been  revising  my 
'notes  on  Galileo,  in  which  I  have  not  said  expressly 
that  falling  bodies  do  not  pass  through  every  degree 
of  slowness,  but  I  said  that  this  cannot  be  known  with- 
out knowing  what  Weight  is,  which  comes  to  the  same 
thing;  as  to  your  example,  I  grant  that  it  proves  that 
every  degree  of  velocity  is  infinitely  divisible,  but  not 
that  a  falling  body  actually  passes  through  all  these 
divisions.' 

The  Principles  of  the  Motion  of  Falling  Bodies 
being  thus  established  by  Galileo,  the  Deduction  of 
the  principal  mathematical  consequences  was,  as  is 
usual,  effected  with  great  rapidity,  and  is  to  be  found 
in  his  works,  and  in  those  of  his  scholars  and  suc- 
cessors. The  motion  of  bodies  falling  freely  was,  how^ 
ever,  in  such  treatises,  generally  combined  with  the 
motion  of  bodies  Falling  along  Inclined  Planes;  a  part 
of  the  theory  of  which  we  have  still  to  speak. 

The  Notion  of  Accelerating  Force  and  of  its  opera^ 
tion,  once  formed,  was  naturally  applied  in  other  cases 
than  that  of  bodies  falling  freely.  The  different  velo- 
cities with  which  heavy  and  light  bodies  fall  were 
explained  by  the  different  resistance  of  the  air,  which 
diminishes  the  accelerating  force  ;^  and  it  was  boldly 
asserted,  that  in  a  vacuum  a  lock  of  wool  and  a  piece 
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of  lead  wonld  fall  equally  quickly.  It  vas  also  main*  I 
tained^''  that  any  ialling  body,  however  large  aai  I 
heavy,  would  alwaja  have  its  velocity  in  Bome  degree  I 
diminiahed  by  the  air  in  which  it  &lla,  aod  would  at  I 
last  be  reduced  to  a  state  of  uniform  motion,  as  eoon  I 
as  the  resistauce  upwards  became  equal  to  the  acc»-  I 
lerating  force  downwards.  Thou^  the  law  of  progress  I 
of  a  body  to  this  limiting  velocity  was  not  made  out  J 
till  the  Principia  of  Newton  appeared,  the  views  on  M 
which  Galileo  made  this  assertion  are  perfectly  eonsod,  M 
and  show  that  he  had  clearly  conceived  the  nature  and  9 
operation  of  accelerating  and  retarding  force.  V 

When  Uniform  Accelerating  Forces  had  once  beral   ■ 
mastered,  there  remained  only  mathematical  difficultiea 
in  the  treatment  of  Variable   Forces.       A  Tariable 
Force  was  measured  by  the  Limit  of  the  increment  of 
the   Velocity,  compared    with   the    increment  of   the    h 
Time;  just  as  a  Variable  Velocity  was  measured  by<| 
the  Limit  of  the  increment  of  the  Space  compared  J 
with  that  of  the  Time. 

With  this  introduction  of  the  Notion  of  Limits,  w»T 
are,  of  course,  led  to  the  Higher  Geometry,  either  ia  I 
its   geometrical  or   ita  analytical   form.     The  general  J 
laws  of  bodies  falling  by  the  action  of  any  Variable'] 
Forces  were  given  by  Newton  in  the  Seventh  Section  \ 
of  the  Prindpia.     The  subject  is  there,  according  tal 
Newton's  preference  of  geometrical  methods,  treated  1 
by  means  of  the  Quadrature  of  Curves ;  the  Doctrine 
of  Limits  being  exhibited  in  a  peculiar  manner  in  the 
First  Section  of  the  work,  in  order  to  prepare  the  way 
for  such  applications  of  it.     Leibnitz,  the  Bemouillis, 
Euler,  and  since  their  time,  many  other  mathemati- 
cians, have   treated    such  questions   by  means   of  the 
analytical  method  of  limits,  the  Differential  Caloulns. 
The  Rectilinear  Motion  of  bodies  acted  upon  by  van- 
able  forces  is,  of  coiu-se,  a  simpler  problem  than  their 
Curvilinear  Motion,  to  which  we  have  now  to  proceed. 
But  it  may  be  remarked  that  Newton,  having  esta- 
blished the  laws  of  Curvilinear  Motion  independently. 
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has,  in  a  great  part  of  his  Seventh  Section,  deduced 
the  simpler  case  of  the  Bectilinear  Motion  from  the 
more  complex  problem,  by  reasonings  of  great  ingenuity 
and  beau^. 

Sect.  3. — EstaMishment  of  the  Second  Law  of  Motion, — 

Cv/rvUinea/r  Motions, 

A  SLIGHT  degree  of  distinctness  in  men's  mechanical 
notions  enabled  them  to  perceive,  as  we  have  already 
explained,  that  a  body  which  traces  a  curved  line  must 
be  urged  by  some  force,  by  which  it  is  constantly  made 
to  deviate  from  that  rectilinear  path,  which  it  would 
pursue  if  acted  upon  by  no  force.  Thus,  when  a  body 
is  made  to  describe  a  circle,  as  when  a  stone  is  whirled 
round  in  a  sling,  we  find  that  the  string  does  exert 
such  a  force  on  the  stone;  for  the  string  is  stretched  by 
the  effort,  and  if  it  be  too  slender,  it  may  thus  be 
broken.  This  centrifugal  force  of  bodies  moving  in 
circles  was  noticed  even  by  the  ancients.  The  effect  of 
force  to  produce  curvilinear  motion  also  appears  in  the 
paths  described  by  projectiles.  We  have  already  seen 
that  though  Tartalea  did  not  perceive  this  correctly, 
Rivius,  about  the  same  time,  did. 

To  see  that  a  transverse  force  would  produce  a  curve, 
was  one  step;  to  determine  what  the  curve  is,  was 
another  step,  which  involved  the  discovery  of  the 
Second  Law  of  Motion.  This  step  was  made  by 
Galileo.  In  his  Dialogues  on  Motion,  he  asserts  that 
a  body  projected  horizontally  will  retain  a  uniform 
motion  in  the  horizontal  direction,  and  will  have, 
compounded  with  this,  a  uniformly  accelerated  motion 
downwards,  that  is,  the  motion  of  a  body  falling  ver- 
tically from  rest;  and  will  thus  describe  the  curve 
called  a  parabola. 

The  Second  Law  of  Motion  consists  of  this  assertion 
in  a  general  form; — namely,  that  in  all  cases  the 
motion  which  the  force  will  produce  is  compounded 
with  the  motion  which  the  body  previously  has.  This 
was  not  obvious;  for  Cardan  had  maintained,^^  that 


i»  Op.  vol.  iv.  p.  490. 


3° 


HTSTORT  OF  MECHAKICS. 


I 


'  if  a  body  ia  mored  by-  two  motions  at  once,  it  will 
come  to  the  place  resulting  from  their  composdtira 
slower  than  by  either  of  them.'  The  proof  of  the  tnitk 
of  the  law  to  Galileo's  misd  was,  so  far  as  we  collect, 
from  the  Dialogue  itself,  the  simplicity  of  the  eappo* 
Bition,  and  his  clear  perception  of  the  causes  which,  ia 
some  cases,  produced  an  obvious  deviation  in  practice 
from  this  theoretical  result.  For  it  may  be  observed)! 
that  the  curvilinear  paths  ascribed  to  military  projeoa 
tiles  by  Rivius  and  Tartalea,  and  by  other  writers  who'j 
followed  them,  as  Digges  and  Norton  in  our  owai 
country,  though  utterly  difTereut  from  the  theoretical' 
form,  the  parabola,  do,  ill  fact,  approach  nearer  tha- 
true  ])atha  of  a  cannon  or  musket  baU  than  a  parabols, 
would  do;  and  this  approximation  more  especially' 
exists  in  that  which  at  first  sight  appears  most  absurd) 
in  the  old  theory ;  namely,  the  assertion  that  the  bal^ 
which  ascends  in  a  eloping  direction,  finally  descend^ 
vertically.  In  consequence  of  the  resistance  of  th? 
air,  thia  is  really  the  path  of  a  projectile;  and  wheft 
the  velocity  ia  very  great,  as  in  military  projectile^ 
the  deviation  irom  the  parabolic  form  is  very  manifeetti 
This  cause  of  discrepancy  between  the  theory,  whi<^ 
does  not  take  resistance  into  the  account,  and  the  fact^ 
GaUleo  perceived ;  and  accordingly  he  aays,'^  that  tho 
velocities  of  the  projectiles,  in  such  cases,  may  be  con- 
sidered as  excessive  and  supernatural.  With  the  du*' 
allowance  to  such  causes,  he  maintained  that  his  theorff 
was  verified,  and  might  be  applied  in  practice 
practical  applications  of  the  doctrine  of  projectjles  no 
doubt  had  a  share  in  establishing  the  truth  of  Galileo's 
views.  We  must  not  forget,  however,  that  the  full 
establishment  of  this  second  law  of  motion  was  the 
result  of  the  theoretical  and  experimental  discussioiis 
concerning  the  motion  of  the  earth :  its  fortunes  were 
involved  in  those  of  the  Copemican  system;  and  it 
shared  the  triumph  of  that  doctrina  This  triumph 
was  already  decisive,  indeed,  in  the  time  of  Galileo^ 
but  not  complete  till  the  time  of  Newton. 
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—OeneralisatUm  oflhe  Lawa  of  Eguililrium, — 
Prineipk  of  Yirljiol  Velocitiea. 

It  was  known,  even  r^  early  as  Aristotle,  that  tbe  two 
weights  wluch  balance  each  other  on  tie  lever,  if  they 
move  at  all,  move  with  velocities  which  are  in  the  inverse 
proportions  of  the  weights.  The  peculiar  resources  of 
the  Greek  language,  which  could  state  this  relntion  of 
inverse  proportionality  in  a  single  word  {avTiTiiroydfy), 
fixed  it  in  men's  minds,  and  prompted  them  to  gene- 
ralize from  this  property,  Such  attempfa  were  at  first 
made  with  indistinct  ideas,  and  on  conjecture  only; 
and  had,  therefore,  no  scientific  value.  This  is  the 
judgment  which  we  must  pass  on  the  book  of  Jordanus 
Semorajius,  which  we  have  already  mentioned.  Its 
i»a«mings  are  professedly  on  Aristotelian  principles, 
sad  exlubit  the  common  Aristotelian  absence  of  all 
distinct  mechanic^  ideas.  But  in  Varro,  whose  Trac- 
toCtM  de  Motu  appeared  in  1584,  we  find  the  principle, 
ia  a  general  form,  not  satisiSictorily  proved  indeed,  but 
Bnch  more  distinctly  conceived.  This  is  his  first 
liieorem:  'Duarum  virinm  connexarum  quarum  (si 
movBantur)  motua  erunt  ipeis  dvTttritrorSibc  propor- 
lumalea,  neutra  alteram  movebit,  aed  equihbrium 
fciaent.'  The  proof  offered  of  this  ia,  that  the  resiat- 
ttce  to  a  force  is  as  the  motion  produced;  and,  as  wo 
We  seen,  the  theorem  is  rightly  applied  in  the  exam- 
ine of  the  wedge.  Prom  this  tune  it  appears  to  have 
lieeii  usual  to  prove  the  properties  of  machines  by 
iieana  of  this  principle.  This  is  done,  for  instance,  in 
I*t  Raisona  des  Forces  MouvarUes,  the  production  of 
Solomon  de  Caua,  engineer  to  the  Elector  Palatine, 
pibliflhed  at  Antwerp  in  1616;  in  which  the  efiect  of 
"oothed-WLeels  and  of  the  Screw  ia  determined  in  this 
aumer,  but  the  Inclined  Plane  is  not  ti'cated  of  The 
Bme  is  the  case  in  Bishop  Wilkins's  MaHiematical 
Uagio,  in  1648. 

When  the  true  doctrine  of  the  Inclined  Plane  had 
™n  establishedj  the  laws  of  eguih'brium  for  all  ttie 
rimpjfl  macbhies  or  Mechauicai  Powers,  as  they  liad 
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usually  been  enumerated  in  books  on  Mechanics,  were 
brought  into  view;  for  it  was  easy  to  see  that  the  Wedfft 
and  the  Screw  involved  the  same  principle  aa  the 
Inclined  Plane,  and  the  Ptdlef/  could  obviously  be  re- 
duced to  the  Lever.  It  vaa,  also,  not  difficult  for  ■ 
person  with  clear  mechanical  ideas,  to  perceive  how 
any  other  combination  of  bodies,  on  which  preaaure  and 
traction  are  exerted,  may  be  reduced  to  these  eiiD^e 
machinea,  so  aa  to  discloae  the  relation  of  the  forces. 
Hence  by  the  discover)'  of  Stevinus,  all  problems  of 
equilibrium  were  eaaentjally  solved. 

The  conjectural  generalization  of  the  property  of  the 
lever,  which  we  have  Just  mentioned,  enabled  maUie- 
maticians  to  expreaa  the  solution  of  all  these  problem^ 
by  means  of  one  proposition.  This  was  done  by  saying 
that  in  raising  a  weight  by  any  machine,  we  loee  in 
Time  what  wo  gain  in  Force ;  the  weight  raised  m 
as  much  dower  than  the  power,  as  it  is  larger  than  i 
power.  This  waa  explained  with  great  clearness  1 
Galileo,  in  the  preface  to  his  Treatise  on  Meckania 
Soienoe,  published  in  1592- 

The  motions,  however,  which  we  here  suppose  t 
parts  of  the  machine  to  have,  are  not  motions  whidj 
the  forcea  produce ;  for  at  present  we  are  dealing  n 
the  cose  in  which  the  forces  balance  each  other,  1 
therefore  produce  no  motion.  But  we  ascribe  to  t 
Weights  and   Powers    hypothetical  motions,    1  _ 

from  some  other  cause;  and  then,  by  the  cDnatnictic«i<l 
of  the  machine,  the  velocities  of  the  Weights  anj'JB 
Powers  must  have  certain  definite  ratios.  These  velo^  I 
cities,  being  thus  hypotheticaily  supposed  and  not',1 
actually  produced,  are  called  Virtual  Yelocities.  And.  I 
the  general  law  of  equilibrium  is,  that  in  any  machine,  , 
the  Weights  which  balance  each  other,  are  reciprooally  1 
to  each  other  as  their  Virtual  Velocities.  This  i»  * 
called  the  Prinerjile  of  Virtual  VelocUiea. 

This  Principle  "(which  was  afterwards  atill  further   1 
goneralutod)  ia,  by  Bom«  of  the  admirers  of  Oalilet^    ' 
dwelt  upon  as  one  of  his  great  services  to  Mechanioa. 
But  if  we  examine  it  more  nearly,  wo  shall  see  that  it 
jW  iiot  much  importance  in  our  tiator^.    I't » 


ralizatdon,  but  a  generalization  eatabiiahed  rather  b_ 
enumeration  of  cases,  than  by  any  indnction  proceeding 
upon  one  distinct  Idea,  like  those  generalizations  of 
Facta  by  which  Lava  are  primarily  estabhshed.  It 
rather  nerves  verbally  to  conjoin  Laws  previously 
known,  than  to  exhibit  a  connexion  in  them ;  it  is 
rather  a  help  for  the  memory  than  a  proof  for  the 
reason. 

The  Principie  of  Virtual  Velocities  ia  ho  far  from 
implying  any  clear  posaesaion  of  m.eGhanical  ideaa,  that 
any  one  who  knows  the  property  of  the  Lever,  whether 
he  is  capable  of  seeing  the  reaaon  for  it  or  not,  can  see 
that  the  greater  weight  moves  slower  in  the  exact  pro- 
portion of  its  greater  magnitude.  Accordingly,  Ari- 
stotle, whose  entire  want  of  sound  mechanical  views  we 
haveabown,  has  yet  noticed  thia  truth.  When  Galileo 
treate  of  it,  instead  of  offering  any  reasons  whicli  could 
jadependently  eatabliah  thia  principle,  he  gives  hia 
readers  a  number  of  analogies  and  illustrations,  many 
uf  them  very  loose  ones.  Thus  the  raising  a  great 
weight  by  a  small  force,  he  illustrates  by  supposing  the 
wdght  lm>ten  into  many  small  parta,  and  conceiving 
these  parts  raised  one  by  one.  By  other  persons,  the 
anali^y,  already  intimated,  of  gain  and  loss  is  referred 
to  as  an  argument  for  the  principle  in  question.  Such 
images  may  please  the  fancy,  but  they  cannot  be 
acoepted  as  mechanical  reasons. 

Since  Galileo  neither  first  enunciated  this  rule,  nor 
evetproved  it  as  an  independent  principle  of  Mechanics, 
ire  cannot  consider  the  diacoveiy  of  it  as  one  of  his 
meduraical  achievements.  StiU  less  can  we  compare 
Mb  reference  to  this  principle  with  Stevinua'a  proof  of 
die  Inclined  Plane ;  which,  as  we  have  seen,  was  rigo- 
rously inferred  from  the  aoimd  axiom,  that  a  body 
cannot  put  itself  in  motion.  '  If  we  were  to  assent  to 
the  really  self-evident  axioma  of  Stevinus,  only  in  virtue 
of  the  unproved  verbal  generaliaation  of  Galileo,  we 
should  be  in  great  danger  of  allowing  ourselves  to  bo 
referred  successively  from  one  truth  to  another,  without 
any  reasonable  hope  of  ever  arriving  at  anything  ultl- 
'  'mdameatal 
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But  though  this  Principle  of  Virtual  Velocity  camrifl 
be  looktid  upon  as  a  great  discovery  of  Galileo,  it  ^^M 
highly  uaefiil  rule ;  and  the  varied  forma  under  wlq^^^ 
he  and  his  successors  urged  it,  tended  much  to  disaip^^f 
the  vague  wonder  -with  which  the  effects  of  macliy^H 
had  been  looked  upon ;  and  thiis  to  diffuse  sounder  «4H 
clearer  notions  on  such  subjects.  H 

The  Principle  of  Virtual  Velocities  also  affected  djfl 
progress  of  mechanical  science  in  another  way;  it  bi^H 
geated  some  of  the  analogies  by  the  aid  of  1^10011  WU 
Third  Law  of  Motion  was  made  out;  leading  to  tli9 
adoption  of  the  notion  of  Af  omentum  as  the  arithraetieira 
product  of  weight  and  velocity.     Since  on  a  machine  on 
■which  a  weight  of  two  pounds  at  one  part  Imlances 
three  pounds  at  another  part,  the  former  weigiit  would 
move  through  three  inches  while  the  latter  would 
move  through  two  inches;  we  see  (since  three  multi- 
plied into  two  is  equal  to  two  multiplied  into  three,) 
that  the  Produel  of  the  weight  and  tjie  velocity  is.  the 
same  for  the  two  balancing  weights ;  and  if  we  call  this 
Product  J/bmeirfiiM,  the  Law  of  Equihbrium  la,  that 
when  two  weights  balance  on  a  machine,  the  Momentum 
of  the  two  would  be  the  same,  if  they  were  put  in 
motion. 

The  Notion  of  Momentum  was  here  employed  to 
connexion  with  Virtual  Velocities ;  but  it  also  came 
under  consideration  in  treating  of  Actual  Velocities 
as  we  shall  soon  see.  j 

Sect.  g. — Attempts  at  tlie  Third  Law  of  Motion. — -^H 
Sfolion  of  Momentum.  ^^^ 

In  the  questions  we  have  hitherto  hod  to  conEJ^^| 
respecting  Motion,  no  r^ard  is  hod  to  the  Size  of  ^^M 
body  moved,  but  only  t«  the  Velocity  and  DirectJoi^^| 
the  motion.  We  must  now  tra«e  the  progress  of  kn^^| 
ledge  respecting  the  mode  in  which  the  Mass  of  ^^^| 
body  influences  the  effect  of  Force.  This  is  a  i*^^! 
difficult  and  complex  branch  of  the  subject;  but  i^^| 
one  wiiich  requires  to  be  noticed,  as  obviously  as  ^^| 
former.     Questions  belon^g  to  'ihia  &e^i:tmQa(^^| 
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Mechanics,  as  ■well  as  to  the  others,  occur  in  Aristotle's 
Mechanical  Problems.  'Why,'  says  he,  *ia  it,  that 
neither  very  small  iior  very  large  bodiea  go  far  when 
we  throw  them ;  but,  in  order  that  this  may  happen, 
the  thing  thrown  must  have  a  certain  proportion  to 
the  agent  which  throws  itt  Is  it  that  what  is  thrown 
or  pushed  must  react'*  against  that  which  pushes  it; 
and  that  a  body  so  large  as  not  to  yield  at  uU,  or  so 
small  as  to  yield  entirely,  and  not  to  react,  produces  no 
throw  or  pushi'  The  same  confusion  of  ideaa  pre- 
vailed aft«r  his  time:  and  mechanical  questions  were 
in  vain  discussed  by  means  of  general  and  abstract 
terms,  employed  with  no  distinct  and  steady  meaning ; 
such  as  impetus,  power,  momentum,  virtue,  eneryy,  and 
the  like.  From  some  of  these  speculations  we  may 
judge  how  thorou^  the  confiision  in  men's  heads  had 
become.  Cardan  perplexes  himself  with  the  difficulty, 
already  mentioned,  of  the  comparison  of  the  forces  of 
bodies  at  rest  and  in  motion.  If  the  Force  of  a  bociy 
depends  on  its  velocity,  as  it  appears  to  do,  how  is  it 
that  a  body  at  rest  has  any  Force  at  all,  and  how  can. 
it  M«iBt  the  slightest  effort,  or  exert  any  pressure? 
He  flatters  himself  that  he  solves  this  question,  by 
asserting  that  bodies  at  rest  have  an  occult  motion. 
'  Corpus  movetiir  occulto  m.otu  quiesoendo.' — ^Another 
puzzle,  with  which  he  appears  to  distress  himself  rather 
more  wantonly,  is  this :  '  If  one  man  can  draw  half  of  a 
certain  weight,  and  another  man  also  one  half;  when 
the  two  act  together,  these  proportions  should  be  com- 
poonded ;  so  that  they  ought  to  be  able  to  draw  one 
half  of  one  half,  or  one  quarter  only.'  The  talent 
which  ingenious  men  had  for  getting  into  such  per- 
plexities, was  certainly  at  one  time  very  great.  Arri- 
aga,^  who  wrote  in  1639,  is  troubled  to  discover  how 
several  flat  weights,  lying  one  upon  another  on  a  board, 
ehould  produce  a  greater  pressure  than  the  lowest  one 
alone  produces,  since  that  alone  touches  the  board. 
, Among  other  solutions,  he  suggests  that  the  board 
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affects  the  upper  weight,  which  it  does  not  touch,  fj9 
detarminiiig  its  vbieation,  or  loliereneiis. 

Aristotle's  doctrine,  that  &  body  ten  times  Bfi  heavy 
as  another,  will  fall  ten  timea  as  fast,  is  another  in- 
stance of  the  confusion  of  Statical    and  Dynamical 
Forces  ;  the  Force  of  the  greater  body,  while  at  rest, 
is  ten  times  as  great  as  that  of  the  other ;  but  the 
Porce  as  measured  by  the  vdodty  produced,  is  equal  in 
the  two  casea.     The  two  bodies  wotdd  fall  downwar" 
with  the  same  rapidity,  except  so  far   as  they  s 
affected  by  accidental  causes.     The  merit  o" 
this  by  experiment,  and  thus  refiiting  the  Aristote 
dogma,  is  usually  ascribed  to  Galileo,  who  made  If 
expaviment  from  the  &mons  leaning  tower  of  Pi" 
about  1590.     But  others  about  the  same  time  had  a 
overlooked  bo  obvious  a  fact. — F.  Piccolomini,  i 
Liber  Seientim  de  A'atura,  published  at  Padua,  in  159J, 
says,  '  On  the  subject  of  the  motion  of  heavy  and 
light  bodies,  Aristotle  has  put  forth  various  opinions, 
which  are  contrary  to  sense  and  experience,  and  ha^— 
delivered  niles  concerning  the  proportion  of  qmckii<^| 
and  slowness,  which  are  palpably  false.     For  a  sh^^l 
twice  as  great  does  not  move  twice  as  last'     .A^^| 
Stevinus,  in  tlie  Appendix  to  his  Statics,  describes  a^| 
having  made  the  experiment,  and  speaks  with  grfl^| 
correctness  of  the  apparent  deviations  from  the  nd^| 
arising  from  the  resistance  of  the  air.     Indeed,  fi^B 
result  followed  by  very  obvious  reasoning ;    for  I^H 
bricks,  in  contact  with  each  other,  side  by  side,  wotiH 
obviously  fall  in  the  same  time  as  one  j  and  thqH 
might  l>e  conceived  to  form  a  body  ten  times  as  IftA^H 
as  one  of  them.     Accordingly,  Benedetti,  in   rS^fl 
reasons  in  this  manner  with  regard  to  bodies  of  d^H 
fcrent  size,  though  he  retains  Aristotle's  errour  a&^H 
the  different  velocity  of  bodies  of  difTerent  denai^,  jj^M 
The  next  step  in  this  subject  is  moi-e  clearly  due^H 
Galileo  ;  he  discovered  the  true  proportion  which  ^^| 
Accelerating  Force  of  a  body  felBng  down  an  iscli^^| 
plane  heuva  to  the  Accelerating  Force  of  the  aa^^| 
bodf  Silling  freely,     Thia  was  at  firet  a  happy  oonj^^l 
tnre  j  it    was   then  confirmed  Xi^  e^'^nm^ic'is,,  «h^| 
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^^Bilf,  after  some  hesitation,  it  was  referred  to  ite  true 
pnuciple,  the  Thii-d  Law  of  Motion,  with  proper  ele- 
mentaiy  simplicity.  The  Principle  here  spoken  of  is 
this  : — that  for  the  same  body,  the  Dynamical  effect  of 
force  18  aa  the  Statical  effect ;  that  ia,  the  Velocity 
which  any  force  generates  in  a  given  time  when  it  puts 
the  hody  in  motion,  is  proportional  to  the  Pressure 
which  the  same  force  produces  in  a  hody  at  rest.  The 
Principle,  so  stated,  appears  very  siniple  and  obvious ; 
yet  this  wua  not  the  form  in  which  it  euggested  itself 
either  to  Galileo  or  to  other  persons  who  sought  to 
prove  it.  Galileo,  in  his  Dialot/uea  on  Motion,  assumes, 
aa  his  fandamental  proposition  on  th'is  subject,  one 
much  less  evident  than  that  we  have  quoted,  but  one  in 
which  that  is  involved.  Hia  Postulate  is,^*  that  when 
the  same  body  fella  down  di&erent  planes  of  the  same 
height,  the  velocities  acquired  are  equal  He  confirms 
and  illustrates  this  by  a  very  ingenious  experiment  on 
a  pendulum,  showing  that  the  weight  swings  to  the 
same  height  whatever  path  it  be  compelled  to  follow. 
Torricelli,  in  his  treatise  published  1644,  says  that  he 
had  heard  that  Galileo  had,  toward  the  end  of  his  life, 
proved  hia  assumption,  but  that,  not  having  seen  the 
proo^  he  will  give  his  own.  In  this  he  refers  ua  to 
the  right  principle,  but  appears  not  distinctly  to  con- 
ceive the  proof,  since  he  estimates  irwmerduin  indiscri- 
minately by  the  statical  Pressure  of  a  body,  and  by  its 
Velocity  when  in  motion;  as  if  these  two  quantities 
were  seif-evidently  equal.  Huyghens,  in  1673,  ex- 
presses himself  dissatisfied  with  the  proof  by  which 
Galileo's  assumption  was  supported  in  the  later  editions 
of  hia  works.  His  own  proof  rests  on  this  principle ; 
— that  if  a  body  iall  down  one  inclined  plane,  and  pro- 
ceed up  another  with  the  velocity  thus  acquired,  it 
cannot,  under  any  circumstances,  ascend  to  a  higher 
pisitirai  than  that  from  which  it  fell.  This  principle 
coincideB  very  nearly  with  Galileo's  experimental  illua- 
tmtjon.  In  truth,  however,  GalUeo's  principle,  which 
Huyghens  thus  slights,  may  he  loohed  upon  as  a  satis- 
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factory  statement  of  the  true  law;  namely,  that, 
the  same  body,  the  velocity  produced  is  as  the  pressaT#fl 
■which  produces  it.  '  We  are  agreed,'  hesays,^'  '  tha^ 
in  a  moveable  body,  the  impetus,  energy,  TnoToentum,  m 
propsn^ion  to  motion,  ia  as  great  aa  is  ths  force  or  letut  ' 
resistance  which  suffices  to  support  it.'  The  various 
terms  here  used,  both  for  dynamical  and  statical  Force, 
show  that  Galileo's  ideas  were  not  confused  by  the 
ambiguity  of  any  one  term,  as  appears  to  have  happened 
to  some  mathematicians.  The  principle  thus  announced, 
is,  as  we  shall  see,  one  of  great  extent  and  value ;  and 
we  read  with  interest  the  circumstances  of  its  discovery, 
which  are  thus  narrated.^  When  Viviani  was  study-J 
iug  with  Galileo,  he  expressed  his  dissatisfaction  at  ■ft  ' 
want  of  any  clear  reason  for  Galileo's  postulate  respeo 
ing  the  equsility  of  velocities  acquired  down  incDa 
planes  of  the  same  heights;  the  consequence  of  whi 
was,  that  Gahleo,  as  he  lay,  the  same  night,  sleepleq 
through  indisposition,   discovered  the  proof  which  hi 

lught  in  vain,  and  introduced  it  ii 
seqaent  editions.  It  19  easy  to  see,  by  looking  at  tl 
proof,  that  the  discoverer  had  had  to  struggle,  not  fi 
intermediate  steps  of  reasoning  between  remote  notioni^^ 
as  in  a  problem  of  geometry,  but  for  a  clear  posaesaioil 
of  ideas  which  were  near  each  other,  and  which  he  had 
not  yet  been  able  to  bring  into  contact,  because  he  had 
not  yet  a  sufficiently  firm  grasp  of  tbem.  Such  terms 
,  as  Momentum  and  Force  had  been  sources  of  coniusiorf  J 
from  the  time  of  Aristotle ;  and  it  required  considel 
able  steadiness  of  thought  to  compare  the  forces  0 
bodies  at  rest  and  in  motion  under  the  obscurity  a: 
vacillation  thus  produced. 

The  term  Momentv/m,  had  been  introduced  to  e: 
the  force  of  bodies  in  motion,  before  it  was  known  w 
that  effect  was.      Galileo,  in  his  Discorso  inlonto  a 
Cose  che  etanno  in  su  V Aequo,  says,  that  '  Momentu^ 
is  the  force,  efficacy,  or  virtue,  with  which  the  motitrt 

'  e  body  moved  resists,  depending  not  npoAw 
weight  only,  but  upon  the  velocity,  inclination,  i 

104.  "  DriQltwatei,LVlM|fG!nlO*o,v^»J 
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any  other  cause  of  such  virtue."  When  te  arrived  at 
more  precision  in  his  views,  he  determined,  aa  we  have 
seen,  that,  in  the  same  hody,  the  Momentum  is  propor- 
tional to  the  Velocity;  and,  hence  it  was  easiJy  seen, 
that  in  different  bodies  it  was  proportional  to  tlie 
Velocity  and  Mass  jointly.  The  principle  thus  enun- 
ciated is  capable  of  very  extensive  applicuCion,  ami, 
among  other  consequences,  leads  to  a  determination  of 
the  results  of  the  mutual  Percussion  of  Bodies,  But 
though  Galileo,  lite  others  of  his  predecessors  and  con- 
tempotaries,  had  speculated  concerning  the  problem  of 
Percussion,  he  did  not  arrive  at  any  satisfactory  con- 
olusion;  and  the  problem  remained  for  the  mathema^ 
ticians  of  the  next  generation  to  solve. 

We  may  here  notice  Descartes  and  his  Laws  of  Mo- 
tion, the  publication  of  which  ia  sometimes  spoken  of 
as  an  important  event  in  the  history  of  Mechanics. 
This  is  saying  fer  too  much.  The  Priiicipia  of 
Descartes  did  Uttie  for  physical  science.  His  assertion 
of  the  Laws  of  Motion,  in  their  most  general  shape, 
was  perhaps  an  improvement  in  form;  but  his  Third 
Law  is  false  in  substance.  Descartes  claimed  several 
of  the  discoveries  of  Galileo  and  others  of  his  contem- 
poraries ;  but  we  cannot  assent  to  such  claims,  when 
we  find  that,  as  we  shall  see,  he  did  not  understand,  or 
would  not  apply,  the  Laws  of  Motion  when  he  had 
them  before  him.  If  we  were  to  compare  Descartes 
with  Galileo,  we  might  say,  that  of  the  mechanical 
truths  which  were  easily  attainable  in  the  beginning  of 
the  seventeenth  century,  Galileo  took  hold  of  as  many, 
and  Descartes  of  as  few,  as  was  well  possible  for  a  man 
of  genius. 

[and  Ed.]  [The  following  remarks  of  M.  Libri 
appear  to  bejriat.  After  giving  an  account  of  the  doc- 
trines put  forth  on  the  subject  of  Astronomy,  MecJinnics, 
and  other  branches  of  science,  by  Leonardo  da  Vinci, 
Fraeaatoro,  Maurolycus,  Commandinua,  Benedetti,  he 
adds ;  (Hist,  deg  Sciencea  Matkematiipieg  en  Ilalie, 
t.  iii.  p.  131  ;)  'This  short  analysis  is  sufficient  to  show- 
that,  at  the  period  at  which  we  are  arrived,  AristoUa 
DO  longer  reigaed  unquestioned  in  the  Italian  Sic\lOo\a. 
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If  we  had  to  write  the  history  of  philosophy,  we 
Bhoiild  prove  by  a,  multitude  of  facts  that  it  was  the 
Italiana  who  overthrew  the  ancient  idol  of  philoeophers. 
Men  go  on  incessantly  repeating  that  the  straggle  was 
begun  by  Descartes,  and  they  proclaim  him  the  legis- 
lator of  modem  philosophers.  But  when  we  examine 
the  phOoaophical  writings  of  Fraeastoro,  of  Benodetti, 
of  Cardan,  and  above  all,  those  of  Galileo;  when  we 
see  on  all  sides  energetic  protests  raised  against  the 
peripatetic  doctrines ;  we  aak,  what  there  remained  for 
the  inventor  of  vortices  to  do,  in  overturning  thtt' 
natural  philosophy  of  Aristotle  )  In  addition  to  thi% 
the  memorable  labours  of  the  School  of  Coaenza,  <rf 
Telesius,  of  Giordano  Bnmo,  of  Campanella ;  the 
writings  of  Patriciua,  who  was,  besides,  a  good  geome- 
ter; of  INizolius,  whom  Leibnitz  esteemed  so  highly, 
and  of  the  other  metaphysicians  of  the  same  epoch, — 
prove  that  the  ancient  philosophy  had  already  lost  ita 
empire  on  that  side  the  Alps,  when  Descartes  threw 
himself  upon  the  enemy  now  put  to  the  rout.  The 
yoke  was  cast  off  in  Italy,  and  all  Eorope  had  only  to 
follow  the  example,  without  its  being  necessary  to  give 
a  new  impulse  to  real  scienca' 

In  England,  we  are  accustomed  to  hear  Erancis 
Bacon,  rather  than  Descartes,  spoken  of  as  the  first 
great  antagonist  of  the  Aristotelian  schools,  and  the 
l^islator  of  modern  philosophy.  But  it  is  true,  both 
of  one  and  the  other,  that  the  overthrow  of  the  ancient 
system  had  been  effectively  begun  before  their  time  by 
the  practical  discoverers  here  mentioned,  and  othen 
who,  by  experiment  and  reasoning,  established  trutlu 
inconsistent  with  the  received  Aristotelian  doctrines, 
Gilbert  in  England,  Kepler  in  Germany,  as  well  as 
Benedetti  and  Galileo  in  Italy,  gave  a  poweriol 
impulse  to  the  cause  of  real  knowledge,  before  the 
influence  of  Bacon  and  Descartes  had  produced  any 
general  effect.  What  Bacon  really  did  was  this ; — 
that  by  the  august  image  which  he  presented  of  a 
future  Philosophy,  the  rival  of  the  Aristotelian,  and 
far  more  powerful  and  extensive,  he  drew  to  it  the 
aifections  and  hopes  of  all  men  oS  com^i^M 
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vigorous  minds,  as  well  as  of  those  ■who  attended  to 
special  trains  of  discovery.  He  announced  a  New 
Method,  not  merely  a  correction  of  special  current 
erroiirB  ;  he  thus  conyerted  the  Insurrection  into 
a  Revolution,  and  established  a  new  philosophical 
Dynasty,  Descartes  had,  in  some  degree,  the  same 
pnrpose;  8nd,in  addition  to  this,  henot  only  proclaimed 
himself  the  author  of  a  New  Method,  but  professed  to 
give  a  complete  System  of  the  results  of  the  Method. 
Hiii  physical  philosophy  was  put  forth  as  complete  and 
demonstrative,  and  thus  involved  the  vices  of  the 
ancient  dogmatism.  Telesius  and  Campanella  had  also 
grand  notions  of  an  entire  reform  in  the  method  of 
philosophizing,  as  I  have  noticed  in  the  Philosophy  of 
the  Inductive  Smenoeg,  Book  xii.] 


CHAPTEE  III. 


THE  evidence  on  which  Galileo  rested  the  truth  a 
the  Laws  of  Motion  which  he  ftsserted,  was,  as  m 
have  seen,  tho  simplicity  of  the  laws  themaelves,  an^ 
the  agreement  of  their  consequeaces  with  tacts ;  propev 
allowances  bein^  made  for  disturbing  causes.  Hi* 
Buccessors  took  up  and  continued  the  task  of  mat-ing 
repeated  comparisons  of  the  theory  with  practice,  tiU 
no  doubt  remained  of  tlie  exactness  of  the  fundamentd 
doctrines  ;  they  also  employed  themselves  in  simpll^ 
ing,  as  much  as  poasible,  the  mode  of  stating  tbea 
doctrines,  and  in  tracing  their  consequences  ii 
problems  by  the  aid  of  mathematical  reasoning, 
employments  led  to  the  publication  of  vai"'  " 
on  Palling  Bodies,  Inclined  Planes,  Pendulums,  Pm* 
jectilea,  Spouting  Fluids,  which  occupied  a  great  pw^ 
of  the  seventeenth  century. 

The  authors  of  these  treatises  may  be  considered  at 
the  School  of  Galileo.  Several  of  them  were,  indeed^ 
his  pupils  or  personal  Mends.  Castelli  was  his  discifd^ 
and  astronomical  assistant  at  Tloreace,  and  afterwardt 
his  correspondent.  Torricelli  was  at  first  a  pupil  a 
Castelli,  but  became  the  inmate  and  amanuensis  of 
Galileo  in  164T,  and  succeeded  him  in  his  situation  at 
the  court  of  Florence  on  his  death,  which  took  plarO* 
a  few  mouths  afterwards.  Vivioni  formed  one  of  hiB 
family  during  the  three  Inst  years  of  his  life;  and  aar- 
viving  him  and  his  contemporaries,  (for  Viviani  lived 
even  into  the  eighteenth  century,)  has  a  manifest  plea* 
sure  and  pride  in  calling  himself  the  last  of  the  disciplaa 
of  Galileo.  Gassendi,  an  eminent  French  mathemati- 
cian and  professor,  visited  him  in  1628;  and  it  shows 
U3  the  extent  of  hia  refutation  ■w\ieii  ■^e  ^i  ^&^Vs^ 
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referriiig  thus  to  bis  travels  in  Italj:'  '  There  it  was 
that  I  found  and  visited  the  &mous  Galileo,  grown 
old,  a  prisouer  in  the  Inquisition,  for  thinking  in  astro- 
nomy otherwise  than  the  Franciscan  and  Dominican 
lioeneet^  thought.' 

Besides  the  above  writers,  we  may  mention,  as  per- 
BonB  who  pursued  and  illustrated  Galileo's  doctrines, 
Borelli,  who  was  professor  at  Florence  and  Fiaa ; 
Mersenne,  the  correspondent  of  Descartes,  who  was 
profeasor  at  Paris ;  Wallis,  who  was  appointed  Savilian 
professor  at  Osford  in  164^,  his  predecessor  being 
ejected  by  the  parliamentary  commiHsionerH.  It  is  not 
necessary  for  us  to  trace  the  progress  of  purely  mathe- 
matical inventions,  which  constitute  a  great  part  of  the 
works  of  these  authors ;  hut  a  few  circumstances  may 
be  mentioned. 

The  question  of  the  proof  of  the  Second  Law  of 
Motion  was,  from  the  first,  identified  with  the  contro- 
veiBy  respecting  the  truth  of  the  Oopemican  System ; 
for  this  law  supplied  the  true  answer  to  the  most  for- 
midable of  the  objections  against  the  motion  of  the 
earth ;  namely,  that  if  the  earth  were  moving,  bodies 
■which  were  dropt  from  an  elevated  object  would  be 
left  behind  by  the  place  from  which  they  fell.  This 
argument  was  reproduced  in  various  forms  by  the  oppo- 
nents of  tjie  new  doi.'trine ;  and  the  answers  to  the 
aif^nment,  though  they  belong  to  the  history  of  Astro- 
nomy, and  form  part  of  the  Sequel  to  the  Epoch  of 
Copernicus,  belong  more  peculiarly  to  the  history  of 
Mechanics,  aiid  are  events  in  the  sequel  to  the  Disco- 
veries of  Galileo.  So  far,  indeed,  as  the  mechanical 
controversy  was  concerned,  the  advocates  of  the  Seoond 
Iiaw  of  Motion  appealed,  very  triumphantly,  to  experi- 
ment. Gassendi  made  many  experiments  on  this 
Buhject  publicly,  of  which  an  account  is  given  in  his 
Epiatolas  tres  de  Molu  Impresao  a  Molore  TrandaloJ^ 
It  appeared  in  these  experiments,  that  bodies  let  fall 
downwards,  or  cast  upwards,  forwards,  or  backwards, 
&om  a  ship,  or  chariot,  or  man,  whether  at  rest,  or  in 
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any  degree  of  motion,  had  always  the  same  motioa 
relatiyely  to  the  Tootor.     In  the  application  of 
principle  to  the  system  of  the  world,  indeed,  Qasaeni 
and  other  philosophers  of  his  time  were  greatly  hi 
pered;    for  the  deference  which    religioua    aoruplft: 
required,  did  not  allow  them  to  say  that  the  earth 
really  moved,  but  only  that  the  physical  reasons  againet 
its   motion   were    invalid.      This    reatriotion    enabled 
Riccioli  and  other  writers  on  the  geocentric  side  to 
involve  the  subject  in  metaphysical  difficulties; 
the  conviction  of  men  'was  not  permanently  shaken 
theee,  and  the  Second  La'VT  of  Motion  was 
as  unquestioned. 

The  Laws  of  the  Motion  of  TaUing  Bodies, 
assigned  by  Galileo,  were  confirmed  by  the 
of  Graasecdi  and  Fermat,  and  the  experioienta 
niccioli  and  Grimaldi ;  and  the  efTect  of  resistenoe 
was  pointed  out  by  Marsenue  and  Dechalea.  The 
parabolic  motion  of  Projectiles  was  more  especially 
illuBtrated  by  experiments  on  the  jet  which  spouts 
&om  an  orifice  in  a  vessel  full  of  fluid.  This  mode  of 
experimenting  is  well  adapted  to  attract  notice,  since 
the  curve  described,  which  is  transient  and  invisible 
in  the  case  of  a  single  projectile,  becomes  permanent; 
and  visible  when  we  have  a  continuous  stream, 
dootrine  of  the  motious  of  fluids  haa  always  bi 
zealously  cultivated  by  the  Italians.  Castelli's  treatis^ 
Delia  Misura  deW  Acque  Gorrenle,  (1638,)  is  the  first 
work  on  this  subject,  and  Montucla  with  justice  calls 
him  '  the  creator  of  a  new  branch  of  hydraulics  ;' ' 
although  he  mistakenly  supposed  the  velocity  of  efBux 
to  be  aa  the  depth  of  the  orifice  from  the  sur&ce. 
Marsenne  and  Torricelli  also  pursued  this  subject,  and'' 
after  them,  many  others. 

Galileo's  belief  in  the  near  approsimation  of  th^- 
curve  described  by  a  cannon-baD  or  musket-ball  to  the 
theoretical  parabola,  was  somewhat  too  obsequiouslji 
adopted  by  succeeding  practical  writers  on  avtilleiy,  [ 
They  underrated,  as  he  had  done,   the  effect  of  thft| 
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resistance  of  the  mf,  which  is  in  fact  so  groat  aa 
entirely  to  change  the  form  and  properties  of  the  curve. 
Notwithstanding  thia,  the  parabolic  theory  waa  em- 
playei,  as  ia  Auderson'a  Art  0/ Gunnery ;  (1674;)  and 
Blondel,  in  his  Arl  dejeler  lea  Bomhea,  (1683,)  not  only 
calculat«d  Tables  on  this  supposition,  but  attempted  to 
answer  the  objections  which  had  been  made  respecting 
the  form  of  the  curre  described.  It  waa  not  till  a 
later  period,  (1740,)  when  Kobizia  made  a  series  of 
careful  and  aagaciona  eiperim.ent8  on  artillery,  ajid 
when  some  of  the  mOEt  eminent  mathematicians  cal- 
cnlated  the  curve,  taking  into  account  the  resiatanco, 
that  the  Theory  of  Projectiles  could  be  aaid  to  be 
verified  in  fact. 

The  Third  Law  of  Motion  waa  still  in  some  oon- 
fusioQ  when  Galileo  died,  as  we  have  seen.  The  next 
great  step  made  in  the  school  of  Galileo  waa  the  deter- 
ininatiou  of  the  Ijaws  of  the  motions  of  bodies  in  tbeir 
Direct  Impact,  so  far  as  this  impact  affects  the  motion 
of  translation.  The  difficulties  of  the  problem  of  Per- 
cusaon  arose,  in  part,  from  the  heterogeneous  natore 
of  Pressnre  (of  a  body  at  rest),  and  Momentum  (of  a 
body  in  motion);  and,  in  part,  from  mixing  together 
the  efiects  of  percuasion  on  the  parts  of  a  hody,  as,  for 
instance,  cutting,  bruising,  and  breaking,  with  its  effect 
in  moving  the  whole. 

The  former  difficulty  had  been  seen  with  some  clear- 
ness by  Galileo  himself.  In  a  posthumous  addition  to 
hia  Meelianical  Dialogues,  he  aays,  '  there  are  two 
kinds  of  resistance  in  a  moveable  body,  one  internal, 
as  when  we  say  it  is  more  difficult  to  lift  a  weight  of 
a  thousand  pounds  than  a  weight  of  a  hundred ;  an- 
other respecting  space,  as  when  we  aay  that  it  requires 
more  force  to  throw  a  stone  one  hundred  paces  than 
fifty.'*  Eeasoning  upon  thia  difference,  he  comes  to 
the  conclusion  that  '  the  Momentum  of  peronsaioii  is 
infinite,  since  there  is  no  resistance,  however  great, 
which  is  not  overcome  by  a  force  of  percussion,  how- 
ever smalL'^     He  fiirther  explains  this  by  obaervin^ 
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that  the  resistance  to  peroussion  muat  occupy  & 
portion  of  time,  although  this  portion  may  be  i 
aihle.  This  correct  mode  of  removing  the  appa 
incongruity  of  continuous  and  instantaneous  force,  i 
a  material  atop  is  the  solution  of  the  probleu 

The  La'Wd  of  the  mutual  Impact  of  bodies  -w^ 
erroneously  given  by  Descartes  in  his  Frindpia  ; 
appear  to  have  been  first  correctly  stated  by  Wra 
Wallia,   and  Huyghena,   who  about  the  s 
(1669)  sent  papere  to  the  Eoyal  Society  c 
on  the  subject     la  these  solutions,  we  perceive  t 
men  were  gradually  coming  to  apprehend  the  T 
law  of  Motiou  in  its  most  genet^  sense; 
that  the  Momentum  (which   is  proportional  to  1 
Mass  of  the  body  and  its  Velocity  jointly,)  may  tj 
taken  for  the  measure  of  the    effect;  so    that  t]i| 
Momentum  ia  aa  much  diminished  in  the  striking  b 
by  the  resistance  it  experiences,  as  it  is  increased  | 
the  body  Btruek  by  the  Impact.     This  ws 
expressed  by  saying  that   '  the  Quantity  of  Mot 
remains  unaltered,'  Qua/nlily  of  Motion  being  \ 
synonymous  with  Momentum.     Newton  expreaaodfl 
by  saying  that  'Action  and  Iteaotton  are  equal  1 
opposite,'  which  is  still  one  of  the  most  familiar  n 
of  expressing  the  Third  Law  of  Motion. 

In  this  mode  of  stating  the  Law,  we  sei 
of  a  propensity  which  has  prevailed  very  gener 
among  mathematicians;  namely,  a  disposition  to  1 
sent  the  fundamental  laws  of  rest  and  of  motion  It 
they  were   equally  manifest,   and,   indeed,  idenfit 
The  close  analogy  and  connexion  which  exists  bet 
the  principles  of  equilihrium  and  of  motion,  often  11 
men  to  confound  the  evidence  of  the  tv 
confusion  introduced  an  ambiguity  in  the  1 
as  we  have  seen  in  the  case  of  Momentum,  Force,  e 
others.     The  same  may  be  said  of  Action  and  Rea 
which  have  both  a  statical  and  a  dynamical  e 
cation.     And  hy  this  means,  the  most  general  fits 
ments  of  the  laws  of  motion  are  made  to  coincide  % 
the  moat  general  statical  propositions.     ] 
JTewton  deduced  from  hia  ptmd^W  ^W  tjonaVoai 
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that  by  the  mutual  action  of  bodies,  the  motion  of 
their  center  of  gravity  cannot  be  afl'ected.  Marriotte, 
in  his  Traite  de  la  Pereuasion  (1684),  had  asserted  this 
proposition  for  the  case  of  direct  impact.  But  by  the 
reasonere  of  Newton's  time,  the  dynamical  proposition, 
that  the  motion  of  the  center  of  gravity  is  not  altered 
by  the  aetiud  free  motion  and  impact  of  bodies,  was 
associated  with  the  statical  proposition,  that  when 
bodies  are  in  equilibrium,  the  center  of  gravity  cannot 
be  made  to  ascend  or  descend  by  the  virtual  motions 
of  the  bodies.  This  latter  is  a  proposition  which  was 
assumed  aa  aelf-evidcut  by  TorricelU;  but  which  may 
more  philosophically  be  proved  from  elementary  statical 
principles. 

This  disposition  to  identity  the  elementary  laws  of 
equilibrium  and  of  motion,  led  men  to  thinic  too 
slightingly  of  the  ancient  solid  and  sufficient  founda- 
tion of  Statics,  the  doctrine  of  the  lever.  When  the 
progress  of  thought  had  opened  men's  minds  to  a  more 
general  view  of  the  subject,  it  was  considered  aa  a 
blemish  in  the  science  to  found  it  on  the  properties  of 
one  particular  machine.  Descartes  says  in  his  Letters, 
that  '  it  is  ridiculous  to  prove  the  pulley  by  means  of 
the  lever.'  And  Varignon  was  led  by  similar  reflec- 
tions to  the  project  of  his  Nouvdie  Mioanique,  in 
-which  the  whole  of  statics  should  be  founded  on  the 
composition  of  forces.  This  project  was  published  in 
1687;  but  the  work  did  not  appear  till  1725,  after  the 
deaUi  of  the  author.  Though  the  attempt  to  reduce 
the  equilibrium  of  all  machines  to  the  composition  of 
forces,  is  philosophical  and  meritorious,  the  attempt  to 
redaoe  the  composition  of  Freseuresto  the  composition 
of  Motions,  with  which  Varignon's  work  is  occupied, 
was  a  retrograde  step  in  the  subject,  so  far  as  the  pro- 
gress of  distinct  mechanical  ideas  was  concerned. 

Thus,  at  the  period  at  which  we  have  now  arrived, 
the  PrinciiJea  of  Elementary  Mechanics  were  generally 
known  and  accepted;  and  there  was  in  the  minds  of 
mathematicians  a  prevalent  tendency  to  reduce  them 
to  the  most  simph  and  comprehensive  form  ot  wla\c\i. 
thej  admitted.     The  eseoutioa.  of  this  aimp\ifi.cat\<itt 
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and  extension,  whicli  we  term  tlie  generalization  of  the 
laws,  is  so  important  an  event,  that  though  it  forms 
part  of  the  natural  sequel  of  Galileo,  we  shall  treat  of 
it  in  a  separate  chapter.  But  we  must  first  bring  up 
the  history  of  the  mechanics  of  fluids  to  the  cor* 
responding  point. 


CHAPTER  IT. 


1  l7E  have  already  said,  that  the  trae  laws  of  thti 
VV  equilibrium  of  fluids  were  discovered  by  Archi- 
medes, and  rediscovered  by  Ualileo  and  Steviuus ;  the 
intermediate  time  having  been  occupied  by  a  yugweneaa 
and  c»>nftiaion  of  thought  on  physical  aubjecta,  which 
made  it  impossible  for  men  to  retain  such  clear  views 
as  Archimedes  had  disclosed.  Stevinus  must  be  con- 
sidered as  the  earliest  of  the  authors  of  this  redis- 
covery; for  his  work  (pTtnciptea  of  Statik  and  Hydro- 
Halik)  was  published  in  Dut«h  about  1585;  and  in 
this,  his  views  are  perfectly  distinct  and  coirect.  He 
restates  the  doctrines  of  Archimedes,  and  shows  that, 
as  a  consequence  of  them,  it  follows  that  the  pressure 
of  a  fluid  on  the  bottom  of  a  vessel  may  be  much 
greater  than  the  weight  of  the  fluid  itseif;  this  he 
proves,  by  imogiuing  some  of  the  upper  portions  of  the 
vessel  to  bo  filled  with  flxed  solid  bodies,  which  take 
the  place  of  the  fluid,  and  yet  do  not  alter  the  pressure 
on  tie  base.  He  also  shows  what  will  be  the  pres- 
sure on  any  portion  of  a  base  in  an  oblique  position; 
and  hence,  by  certain  mathematical  artifices  wiiich 
make  an  approach  to  the  Infinitesimal  Calculus,  he 
finds  the  whole  pressure  on  thebase  in  such  cases.  This 
mode  of  treating  the  subject  would  take  in  a  large  por- 
tion of  our  elementary  Hydrostatics  as  the  science  now 
stands,  Galileo  saw  the  properties  of  fluids  no  leas 
clearly,  and  explained  them  veiy  distinctly,  in  iGi2,in. 
hia  DUeourse  <m  IToalinff  BotUeg.  It  had  been  mavG- 
t^ned  by  the  Anetoteliaas,  that/orm  vf  asthe  cause  ot 
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bodies  floating ;  ancl  collaterally,  that  ice  was  cotidemed 
wat«r ;  apparently  from  a  confusion  of  thought  between 
rigiditi}  and  dennty.  Galileo  asserted,  on  the  contrary, 
that  ice  is  rarejied  wa,ter,  aa  appeara  by  ita  floating; 
and  in  support  of  this,  be  proved,  by  Tarious  experi- 
menta,  that  the  floating  of  bodies  does  aot  depend  on 
their  form.  The  happy  geniiis  of  GalUeo  is  the  more 
remarkable  in  this  caae,  as  the  controversy  was  a  good 
deal  perplexed  by  the  mixture  of  phenomena  of  an- 
other kind,  due  to  what  ie  usually  called  capillary  or 
nwleevlar  attraction.  Thus  it  ia  a  fact,  that  a  htUl  of 
ebony  sinia  ia  water,  wliile  a  fiat  dip  of  the  same 
material  lies  on  the  earface ;  and  it  required  conaider- 
able  sagacity  to  separate  such  cases  from  the  general 
rule.  Galileo's  opinions  were  attacked  by  various 
writers,  as  Nozzolini,  Vineenzio  di  Grazia,  Ludovico 
delle  Colombe ;  and  defended  by  his  pupil  Castelli,  whc 
published  a  reply  in  1615.  These  opinions  were  gene- 
rally adopted  and  difficscd;  but  somewhat  later,  Pascal 
pursued  the  subject  more  systematically,  and  wrote  his 
Treatise  of  the  Bqailibriwm  of  Fluids  in  1653;  in 
which  he  shows  that  a  fluid,  enclosed  in  a  veasd, 
necessarily  presses  equally  in  all  directions,  by  imagin- 
ing two  j)Mton«,  or  sliding  plugs,  applied  at  diflerent 
parts,  the  siuface  of  one  being  centuple  that  of  the 
other;  it  is  clear,  aa  h«  observes,  that  the  force  of  one 
man  acting  at  the  &-st  piston,  will  l>alance  the  force  of 
one  hundred  men  acting  at  the  other.  '  And  thus,' 
says  he,  '  it  appears  that  a  vessel  full  of  water  is  a  new 
Principle  of  Mechanics,  and  a  new  Machine  which  will 
multiply  force  to  any  degree  we  choose.'  Pascal  also 
referred  the  equilibrium  of  fluids  to  the  'principle  of 
virtual  velocities,'  which  regulates  the  equilibrium  of 
other  machines.  This,  indeed,  Galileo  had  done  before 
him.  It  followed  from  this  doctrine,  that  the  pressure 
which  is  exercised  by  the  lower  parts  of  a  fluid  arisea 
from  the  weight  of  the  upper  parts. 

In  all  this  there  was  nothiug  which  was  not  easily 
assented  to:  but  the  extension  of  these  doctrines  to 
the  air  required  an  additional  effort  of  mechanical  con- 
ception.    The  pressure  of  tbe  eav  ou  t\\    " 
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and  its  weight  above  us,  were  two  troths  which  had 
never  yet  been  appreheuded  with  any  kind  of  clear- 
nesa.  Seneca,  indeed,'  talks  of  the  'gravity  of  the 
air,'  and  of  its  power  of  diffusing  itself  when  con- 
denaed,  a»  the  caiisea  of  wind :  but  we  can  Jiardly 
conaider  auch  propriety  of  phraseology  in  him  as  more 
than  a  chance;  for  we  see  the  vaJue  of  hia  philosophy 
by  what  he  immediately  adds;  '  Do  you  think  that  we 
]iave  forces  by  which  we  move  ourselves,  and  that  the 
air  is  left  without  any  power  of  moving?  when  even 
water  has  a  motion  of  its  own,  as  we  see  in  the  growth 
of  plants.'  We  can  hardly  attach  much  value  to  such 
a  recognition  of  the  gravity  and  elasticity  of  the  air. 

Yet  the  effects  of  these  ca.uses  were  so  numerous 
and  obvious,  that  the  Aristotelians  had  been  obliged 
to  invent  a  principle  to  account  for  them;  namely, 
'Nature's  Horrour  of  a  Vacuum.'  To  this  principle 
were  referred  many  familiar  phenomena,  as  suction, 
breathing,  the  action  of  a  pair  of  bellows,  its  drawing 
water  if  immersed  in  water,  its  refusing  to  open  when 
the  vent  is  stopped  up.  The  action  of  a  cupping 
instrument,  in  which  the  air  is  rarefied  by  fire ;  the  fact 
that  water  is  supported  when  a  full  inverted  bottle  is 
placed  in  a  basin ;  or  when  a  full  tube,  open  below  and 
closed  above,  is  similarly  placed;  the  running  out  of 
the  water,  in  this  instance,  when  the  top  is  opened; 
the  action  of  a  siphon,  of  a  syringe,  of  a  pump;  the 
adhesion  of  two  polished  plates,  and  other  facttt,  were 
all  esplained  by  the  /uga  vacui.  Indeed,  we  must 
contend  tliat  the  principle  was  a  very  good  one,  inaa- 
muah  as  it  brought  together  all  these  facts,  which  are 
really  of  the  same  kind,  and  referred  them  to  a  common 
cause.  But  when  urged  as  an  ultimate  principle,  it 
was  not  only  unphilosopliieal,  but  imper/ect  and  lonmg. 
It  was  vinphUoaopKical,  because  it  introduced  the  notion 
of  an  emotion,  Horrour,  as  an  account  of  physical 
jacts;  it  was  imperfect,  because  it  was  at  best  only 
a  law  of  phenomena,  not  pointing  out  any  physical 
cause ;  and  it  was  wrong,  because  it  gave  au  unlimited 
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extent  to  the  effect.     Accordingiy,  it  led  to  n  _ 

ThuB  Merscune,  iii  1644,  speakH  of  a  siphon  which 
ehaJ]  go  over  a  mountain,  being  ignorant  then  that  the 
effect  of  such  an  instrument  was  limited  to  a  height 
of  thirty-four  feet.  A  few  years  later,  however,  he 
had  detected  this  miatake;  and  in  his  third  Tolume, 
published  in  1647,  he  puts  his  siphon  in  hiBeinerat^m^, 
and  speaks  correctly  of  the  weight  of  air  as  supporting 
the  mercury  in  the  tube  of  Tomcelli.  It  was,  indeed, 
by  finding  this  hotrour  of  a  vacuum  to  have  a  limit  at 
the  height  of  thirty-four  feet,  that  the  true  principle 
was  suggested.  It  was  discoyered  that  when  attempts 
were  made  to  raise  water  higher  than  this.  Nature 
tolerated  a  vacuum  above  the  water  which  rose.  In 
1643,  Torricelli  tried  to  produce  this  vacuum  at  a 
smaller  height,  by  using,  instead  of  water,  the  heavier 
fluid,  quicksilver;  an  attempt  which  shows  that  the 
true  explanation,  the  balance  of  the  weight  of  the 
water  }^  another  pressure,  had  already  suggested  itself 
Indeed,  this  appears  from  other  evidence.  Galileo  had-^ 
already  taught  that  the  air  has  weight;  and  1 
writing  to  hira  in  1630,  says,^  '  If  we  were  in  a  vaouta 
the  weight  of  the  air  above  our  heads  would  be  fi 
Descartes  also  appears  to  have  some  share  in  this  6 
covery;  for,  in  a  letter  of  the  date  of  163 1,  he  explai 
the  suspension  of  mercury  in  a  tube,  closed  at  t 
by  the  pressure  of  the  column  of  air  reaching  to  t 
clouds. 

Still  men's  minds  wanted  confirmation  in  this  vie«il 
and  they  found  such  confirmation,  when,  in  164JJI 
Pascal  showed  practically,  that  if  we  alter  the  ler 
of  the  superincumbent  column  of  air  by  going  to  i 
high  place,  we  alter  the  weight  which  it  will  suppe  " 
This  celebrated  esperiment  was  made  Ly  Pascal  h ' 
self  on  a,  church-steeple  in  Paris,  the  column  of  l 
cury  in  the  Torricellian  tube  being  used  to  compi 
the  weights  of  the  air;  but  he  wrote  to  his  brotJirf 
in-law,  who  lived  near  the  high  mountain  of  Poy  d 
D6me  in  Auvergne,  to  request  him  to  make  the  expert 

'  Drinkwattra  GalUto,  p.  90. 
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mflnt  there,  where  the  result  would  be  more  decisive. 
'You  Bee,'  Le  aaya,  'that  if  it  happens  that  the  height 
of  the  mercury  at  the  top  of  the  hill  be  less  than  at 
the  bottom,  (which  I  have  many  reasona  to  believe, 
though  all  those  who  have  thought  about  it  are  of  a 
different  opinion,)  it  will  follow  that  the  weight  and 
pressure  of  the  air  are  the  sole  cause  of  this  suspenatou, 
and  not  the  horrour  of  a  vaciium ;  since  it  ia  very  cer- 
tain that  there  is  more  air  to  weigh  on  it  at  the  bottom 
than  at  the  top;  while  we  cannot  say  that  nature 
abhors  &  vacuum  at  the  foot  of  a  mountain  more  than 
on  its  aumniit.' — M.  Perrier,  Pascal's  correspondent, 
made  the  observation  as  he  had  desired,  and  found  a 
difference  of  three  inches  of  mercury, '  which,'  he  says, 
'ravished  us  with  admiration  and  astonishment.' 

When  the  least  obvious  case  of  the  operation  of  the 
pressure  and  weight  of  fluids  had  thus  been  made  out, 
there  were  no  further  diificiiltieB  in  the  progress  of  the 
theory  of  Hydrostatics.  "When  mathematicians  began 
to  consider  more  general  coses  than  those  of  the  action 
of  gravity,  there  arose  differences  in  the  nay  of  stating 
the  appropriate  principles ;  but  none  of  these  differences 
imply  any  different  conception  of  the  fundamental 
nature  of  fliiid  equilibrium. 

Sect.  3. — Discovery  of  the  Laws  of  Motion  of  Fluids. 

The  art  of  conducting  water  in  pipes,  and  of  direct- 
ing its  motion  for  various  purposes,  is  very  old.  When 
treated  ayatematically,  it  has  been  termed  Hydraulics : 
bat  BydrodyTiamics  is  the  general  name  of  the  science 
of  the  laws  of  the  motions  of  fluids,  under  those  or 
other  circumstances.  The  Art  is  as  old  as  the  com- 
mencement of  civilization :  the  Science  does  not 
ascend  higher  than  the  time  of  Newton,  though 
attempts  on  such  subjects  were  made  by  Galileo  and 
his  scholars. 

When  a  fluid  spouta  from  an  orifice  in  a  vessel, 
Caatelli  saw  that  the  velocity  of  efflux  depends  on  the 
depth  of  the  orifice  helow  the  suriace;  but  te  etio- 
neouslj  judged  the  velocity  to  be  exactly  proportionai. 
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to  the  depth.  Torrieelli  found  that  the  fluid,  ucd^ 
the  inevitable  causes  of  defect  which  c 
experiment,  would  apout  nearly  to  the  height  of  ti 
Buriace :  he  therefore  inferred,  that  the  full  velocityj 
that  which  a  body  would  acquire  in  &lling  through  n 
depth;  and  that  it  is  oonaequently  proportional  to  H 
square  root  of  the  depth. — Thia,  however,  he  stata 
only  as  a  result  of  experience,  or  law  of  phenomena,  I 
the  end  of  his  treatise,  De  Molu  Natviraliter  Aec 
printed  in  1643, 

Newton  treated  the  subject  theoretically  in  I 
Priivdpia{i6Z'j)\  hut  wemuat  allow,  as Lagraugess 
that  thia  is  the  least  satisfactory  passage  of  that  g 
work.  Newton,  having  raade  his  exporimenta  1 
another  manner  than  Torrieelli,  namely,  by  measi 
the  quantity  of  the  nfflnv  instead  of  its  velocity,  i 
a  result  inconsistent  with  that  of  Torrieelli 
velocity  inferred  from  the  quantity  discharged,  1 
only  that  due  to  half  the  depth  of  the  fluid. 

In  the  first  edition  of  the  Pnrtcipia,^  Newton  g 
a  train  of  reasoning  by  which  he  theoretically  demtn 
atrated  his  own  result,  going  upon  the  principle,  tl 
the  momeutum  of  the  issuing  fluid  is  equtU  to  t 
momentum  which  the  column  vertically  over  the  a  "' 
would  generate  by  its  gravity.     But  Torricelli's  ex 
ments,  which  had  given  the  velocity  due  to  the  T" 
depth,  were  confirmed  on  repetition :    how  was  t 
diaorepanoy  to  be  explained) 

Newton  explained  the  discrepancy  by  observing  tl 
contraction  which  the  jet,  orvein  of  water,  undergo! 
juat  after  it  leaves  the  oriflce,  and  which  he  called  ti 
verta  eontracta.  At  the  orifice,  the  velocity  is  that  dU 
to  half  the  height  j  at  the  vena  contractait  la  that  d~ 
to  the  whole  height.  The  former  velocity  n  ^ 
the  quantity  of  the  discharge;  the  latter,  ths  p&th.4 
the  jet. 

This  explanation  was  an  important  atep  i 
ject:  but  it  made  Newton's  original  proof  appear  v 
defective,  to  say  the  least.     In  the  second  editiUL'fl 
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the  Principal  (1714),  Kewton  attacked  the  problem  in 
a  manner  altogether  different  from  his  former  inveati- 
gation.  He  there  assimted,  that  when  a  round  vessel, 
containing  fluid,  has  a  hole  in  its  bottom,  the  descend- 
ing fluid  may  be  conceived  to  be  a  conoidal  mass,  wliich 
has  its  base  at  the  surface  of  the  fluid,  and  its  nar- 
row end  at  the  orifice.  This  portion  of  the  fluid  he 
calls  the  oatarael;  and  supposes  that  while  this  part 
descends,  the  surroundiog  parts  remain  immovable,  as 
if  they  were  froaen;  iu  this  way  he  finds  a  result 
agreeing  with  Torricelli's  experiments  on  the  velocity 
of  the  efQux. 

We  must  allow  that  the  assumptions  by  which  this 
result  is  obtained  are  somewhat  ai'bitrary;  and  those 
which  Newton  introduces  in  attempting  to  connect 
the  problem  of  issuing  fluids  with  that  of  the  resistance 
to  a  body  moving  in  a  fluid,  are  no  less  bo.  But  even 
up  to  the  present  time,  mathematicians  have  not  been 
able  to  reduce  problems  concerning  the  motions  of 
fluids  to  mathematical  principles  and  calculations, 
without  introducing  some  steps  of  this  arbitrary  kind. 
And  one  of  the  uses  of  experiments  on  this  suliject  is, 
to  suggest  those  h3>pothese8  "which  may  enable  us,  in 
the  manner  moat  consonant  with  the  true  state  of 
things,  to  reduce  the  motions  of  fluids  to  those  general 
laws  of  mechanics,  to  which  we  know  they  must  be 
subject. 

Hence  the  science  of  the  Motion  of  Fluids,  unlike 
all  the  other  pi-imary  departments  of  Mechanics,  is  a 
subject  on  which  we  still  need  experiments,  to  point 
out  the  fim.damental  principles.  Many  such  experi- 
ments have  been  made,  with  a  view  either  to  compare 
the  results  of  deduction  and  observation,  or,  when  this 
comparison  failed,  to  obtain  purely  empirical  rules. 
In  this  way  the  resistance  of  fluids,  and  the  motion  of 
water  in  pipes,  cunala,  and  rivers,  has  been  treated. 
Italy  has  poaaessed,  from  early  times,  a  large  body  of 
such  writers.  The  eai'lier  works  of  this  kind  have 
been  collected  in  sixteen  quarto  volumes.  Irfcchi  and 
Michelotti  about  tj65,  BJdone  more  recently,  \>a\ 
pursued  these  inquiriea.     Boasat,  Buat,  Hachett*,  10. 
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France,  have  laboured  at  the  8a,ine  task,  aa  have 
Coulomb iindProny,  Girardaad  Poncelet.  Eytelwein'a™ 
Germaa  treatise  (^Ilydrauli/e),  contaios  an  account  qGh 
what  others  and  himself  hare  done.  Many  of  ibea^fl 
trains  of  experiments,  both  in  France  and  Italy,  veF^fl 
made  at  the  expense  of  governments,  and  oa  a  verjM 
magnificent  scale.  In  England  less  'was  done  in  thHM 
way  during  the  last  century,  than  iu  most  other  counifl 
tries.  The  PhUoaophicai  Transaeliom,  for  instano^H 
scarcely  contain  a  single  paper  on  this  subject  fonndraH 
on  experimental  investigations,^  Dr.  Thomas  ^ounliH 
Viho  was  at  the  head  of  his  countrymen  in  so  mai^H 
bi'aTiches  of  science,  was  one  of  the  first  to  call  bat^H 
attention  to  this :  and  Mr.  Rennie  and  others  ha.«^H 
recently  made  valuable  experiments.  In  many  of  tii^| 
qnestions  now  spoken  of,  the  accordance  which  eng^M 
neers  are  able  to  obtain,  between  their  calculated  ai^H 
observed  results,  is  very  great ;  but  these  calculatioi^| 
are  performed  by  means  of  empirical  forniulte,  whiJ^H 
do  not  connect  the  facts  with  their  causes,  and  Bt^H 
leave  a  wide  space  to  be  traversed,  in  order  to  comj^ef^f 
the  science.  H 

In  the  mean  time,  all  the  other  portions  of  Mo^| 
chanics  were  reduced  to  general  laws,  and  analytical 
processes;  aad  means  were  found  of  including  Hydr^| 
dynamics,  notwithstanding  the  difficidties  which  atteo^f 
its  special  problems,  in  this  common  improvement  i^M 
form.     This  progress  we  must  relate.  ^M 

[and  Ed.]  [The  Hydrodynamical  problems  re&rrQi^| 
to  above  are,  the  laws  of  a  fluid  issuing  firom  a  va^^ 
sel,  the  laws  of  the  motion  of  water  in  pipes,  canab^l 
and  rivers,  and  the  laws  of  the  resistance  of  fluids.  ^I^| 
these  may  be  added,  as  an  hydrodynamical  problei^| 
imijortant  in  theory,  in  experimeut,  and  in  the  con^| 
parison  of  the  two,  the  laws  of  waves.  Ifewton  gavq| 
in  the  Frindpia,  an  explanation  of  the  waves  of  watfl^| 
(Lib.  ii.  Prop.  4.4),  which  appears  to  proceed  upon  a^| 
erroneoos  view  of  the  nature  of  the  motion  of  th^| 
fluid:  but  in  his  solution  of  the  problem  of  souni^| 
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appeared,  for  the  first  time,  a  correct  view  of  the  pro- 
pagation of  an  undulation  in  a  fluid.  The  history  of 
this  subject,  as  bearing  upon  the  theory  of  sound,  is 
given  in  Book  viiL :  but  I  may  here  remark,  that  the 
laws  of  the  motion  of  waves  have  been  pursued  experi- 
mentally by  various  persons,  as  Bremontier  {Recherches 
9wr  le  MouvemerU  des  Ondes,  1809),  Emy  {Du  Mouve- 
ment  des  Ondes,  183 1),  the  Webers  ( WeUenlehre,  1825) ; 
and  by  Mr.  Scott  Kussell  {Reports  of  the  British  Asso- 
ciation, 1844).  The  analytical  theory  has  been  carried 
on  by  Foisson,  Cauchy,  and,  among  ourselves,  by  Prof. 
Kelland  (JEdin.  Tnms,),  and  Mr.  Airy  (in  the  article 
Tides,  in  the  Uncydopcedia  Metropolitana),  And 
though  theory  and  experiment  have  not  yet  been 
brought  into  complete  accordance,  great  progi-ess  has 
been  made  in  that  work,  and  the  remaining  chasm 
between  the  two  is  manifestly  due  only  to  the  incom- 
pleteness of  both.] 

Perhaps  the  most  remarkable  case  of  fluid  motion 
recently  discussed,  is  one  which  Mr.  Scott  Bussell  has 
presented  experimentally ;  and  which,  though  novel,  is 
easily  seen  to  follow  from  known  principles  ;  namely, 
the  Great  Solitary  Wcwe,  A  wave  may  be  produced, 
which  shall  move  along  a  canal  unaccompanied  by  any 
other  wave  :  and  the  simplicity  of  this  case  makes  the 
mathematical  conditions  and  consequences  more  simple 
than  they  are  in  most  other  problems  of  Hydrody- 
namics. 


CHAPTER  V. 

Generalization  of  the  Principles  of  MEOHABlOi 
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HE  Second  Law  of  Motion  being  proved  for  Cot 


stant  Forces  which  act  in  parallel  lines,  and  t 
Third  Law  for  the  Direct  Action  of  bodies,  it  e' 
required  great  mathemRtical  taleut,  and  some  induotiTd 
power,  to  see  clearly  the  laws  which  govern  the  motj 
of  any  number  of  bodies,  acted  upon  by  each  oth 
and  by  any  forces,  anyhow  varying  in  magnitude  a 
direction.  This  was  the  task  of  the  generalization  of 
the  laws  of  motion. 

Galileo  had  coDvinced  himself  that  the  velocity  of 
projection,  and  that  which  gravity  alone  would  pro- 
duce, are   '  both  maintained,  without  being  altaredf^ 
perturbed,  or  impeded  in  their  mixture,'     It  iB  to  fa*4 
observed,  however,  that  the  truth  of  this  result  depends* ■ 
upon  a  particular  circumstance,  namely,  that  gravity;,^ 
at  all  points,  acts  in  lines,  which,  as  to  sense,  own 
parallel.     When  we  have  to  consider  cases  in  whidtfl 
this  is  not  true,  as  when  the  force  tends  to  the  centos    ^ 
of  a  cii'cle,  the  law  of  composition  cannot  be  applied 
in  the  same  way;  and,  in  this  case,  mathematicianB 
were  met  by  some  peculiar  difBculties, 

One  of  these  difficulties  arises  from  the  apparent 
inconsistency  of  the  statical  and  dynamical  measures  ^ 
of  ioitse.  When  a  body  moves  in  a  circle,  the  foFoeS 
which  urges  the  body  to  the  center  is  only  a  tenden^iM 
to  motion;  for  the  body  does  not,  In  fact,  approach  to^ 
the  center ;  and  this  mere  tendency  to  motion  is  com-  ■ 
bined  with  an  actual  motion,  which  takes  place  in  the  V 
circumference.  We  appear  to  have  to  compare  two  M 
things  which  are  heterogeneous,  Deecartes  had  noticed-'^ 
thiB    difficulty,  but  withont  ^"rai^  aifj  SB.'cia" 
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solution  of  it.'  If  ire  combine  the  actual  motion  to 
or  from  the  center  with  the  tTanaverse  motion  abont 
the  center,  we  obtain  a  result  which  is  false  on  mecha^ 
nical  principlea.  Galileo  endeavoured  in  this  way  to 
find  the  cnrre  described  by  &  body  which  &II3  towarda 
the  earth's  center,  and  is,  at  the  same  time,  cnrried 
round  by  the  motion  of  the  earth;  and  obtained  an 
erroneous  result.  Eepler  and  Fermat  attempted  the 
flame  problem,  and  obtainett  solutions  different  from 
that  of  Galileo,  but  not  more  correct 

Even  Newton,  at  an  early  period  of  his  speculations, 
had  an  erroneous  opinion  respecting  this  curve,  which 
he  imagined  to  be  a  kind  of  spiral.  Hooke  animad- 
verted upon  this  opinion  when  it  was  laid  before  the 
Eoyal  Society  of  Loudon  in  1679,  and  stated,  more 
truly,  that,  Bnpposing  no  resistance,  it  would  be  '  an 
eooentric  ellipsoid,'  that  is,  a  figure  resembling  an 
dlipse.  But  though  he  had  made  out  the  approximate 
form  of  the  curve,  in  some  unexplained  way,  we  have 
DO  reason  to  believe  that  he  possessed  any  means  of 
determining  the  mathematical  properties  of  the  curve 
described  in  such  a  case.  The  perpetual  composition 
of  a  central  force  with  the  previous  motion  of  the  body, 
ooold  not  be  successfully  treated  without  the  considera- 
tion of  the  Doctrine  of  Limits,  or  something  equivalent 
to  that  doctrine.  The  first  example  which  we  have 
of  the  ri^t  solution  of  such  a  problem  occurs,  ao  far 
as  I  know,  in  the  Theorems  of  Hnyghens  concern- 
ing Circular  Motion,  which  were  pubUelied,  without 
demonstratioti,  at  the  end  of  bb  Horologiam  Oacillor- 
torium,  in  1673.  It  was  there  asiserted  that  when 
equal  bodies  describe  circles,  if  the  times  are  equal, 
the  centrifugal  forces  will  be  as  the  diameters  of  the 
circles;  if  the  velocities  are  equal,  the  forces  will  be 
reciprocally  as  the  diameters,  and  so  on.  In  order  to 
arrive  at  these  propositions,  Huyghens  must,  virtually 
at  least,  have  applied  the  Second  Law  of  Motion  to 
the  limiting  elements  of  the  curve,  according  to  the 
way  in  wlJch  Mewton,  a  few  years  later,  gave  the 

'  ■PniKip.p.sii.59. 
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demonstration  of  the  theorems  of  Huyghens  in 
Principia. 

The  growing  persoaaion  that  the  motions  of 
heavenly  bodies  about  the  sun  might  be  explained 
the  action  of  central  forces,  gave  a  peculiar  interest 
these  mechanical  speculations,  at  the  period  now  am' 
review.     Indeed,  it  is  not  easy  to  state  separately, 
oar  present  object  requires  ua  to  do,  the  progress 
Mechanics,  and  the  progress  of  Astronomy.     Yet 
distinction  which  we  have  to  make  is,  in  its  nafc 
sufficiently  marked.     It  is,   in  fact,   no  leas  marl 
than  the  distinction  between  speaking  logically  « 
speaking  truly.      The  fi*amera  of  the  science  of  motion" 
were  employed  in  establishing  those  notions,  names, 
and  rules,  in  cosformity  to  which  all  mechanical  truth 
mtist  be  expressed  i  buttoAoiwriw  the  truth  with  r^ard 
to  the   mechanism  of  the  universe  remained  to  "  ~ 
determined  by  other  means.     Phjaical  Astronomy, 
the  period  of  which  we  speak,   eclipsed  and  overl 
theoretical  Mechanics,  aa,  a  little  previously,  " 
mics  had  eclipsed  and  snperseded  Statics. 

The  laws  of  variable  force  and  of  curvilinear  motit 
were  not  much  pursued,  till  the  invention  of  Fin 
and  of  the  Difl'erontial  Caleulns  again  turned 
minda  to  these  subjectn,  as  easy  and  interesting 
cises  of  the  powers  of  these  new  methods.  Newton) 
Print^pia,  of  which  the  first  two  Books  are  purelj 
dynamical,  is  the  grea.t  exception  to  this  assertion 
iDasm.nch  as  it  contains  correct  solutions  of  a  great 
variety  of  the  moat  general  problems  of  the  science; 
and,  indeed,  is,  even  yet,  one  of  the  moat  complete 
treatises  which  we  posaesa  upon  the  subject. 

We  have  seen  that  Kepler,  in  his  attempts  to  ^cplaiB. 
the  curvilinear  motions  of  the  planets  by  means  of  K 
central  force,  failed,  in  consequence  of  his  belief  th&t  f^ ; 
continued  transverse  action  of  the  central  body 
requisite  to  keep  up  a  continual  motion.  Galileo 
founded  his  theory  of  projectiles  on  the  principle  i 
auch  an  action  was  not  necessary;  yet  Borelli,  a  pupil'' 
of  Galileo,  when,  in  1666,  he  published  his  theoiyof 
the  Mediceaa  Stars  (the  satcWiteB  ot  5-a^to't^,  SA-wii. 
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ke6p  quite  clear  of  the  same  errours  which  had  vitiated 
Kepler's  reasonings.     In  the  same  way,  though  Des- 
cartes is  sometimes  spoken  of  as  the  first  promulgator 
of  the  First  Law  of  Motion,  yet  his  theory  of  Vortices 
must  have  been  mainly  suggested  by  a  want  of  an 
entire  confidence  in  that  law.     When  he  represented 
the  planets  and  satellites  as  owing  their  motions  to 
oceans  of  fluid  diffused  through  the  celestial  spaces, 
and  constantly  whirling  round  the  central  bodies,  he 
must  have  felt  afraid  of  trusting  the  planets  to  the 
operation  of  the  laws  of  motion  in  free  space.  Sounder 
physical  philosophers,  however,  began  to  perceive  the 
real  nature  of  the  question.     As  early  as  1666,  we 
read,  in  the  Journals  of  the  Royal  Society,  that  *  there 
was  read  a  paper  of  Mr.  Hooke's,   explicating  the 
inflexion  of  a  direct  motion  into  a  curve  by  a  super- 
vening attractive  principle;'  and  before  the  publica- 
tion of  the  Principia  in  1687,  Huyghens,  as  we  have 
seen,  in  Holland,  and,  in  our  own  country,  Wren, 
Halley,  and  Hooke,  had  made  some  progress  in  the 
true  mechanics  of  circular  motion,^  and  had  distinctly 
contemplated  the  problem  of  the  motion  of  a  body  in 
an  ellipse  by  a  central  force,  though  they  could  not 
solve  it.     Halley  went  to  Cambridge  in  1684,^  for  the 
express  purpose  of  consulting  Newton  upon  the  subject 
of  the  production  of  the  elliptical  motion  of  the  planets 
by  means  of  a  central  force,  and,  on  the  loth  of  Decem- 
ber,* announced  to  the  Royal  Society  that  he  had  seen 
Mr.  Newton's  book,  De  Motu  Corporum,     The  feeling 
that  mathematicians  were  on  the  brink  of  discoveries 
such  as  are  contained  in  this  work  was  so  strong,  that 
Dr.  Halley  was  requested  to  remind  Mr.  Newton  of 
his  promise  of  entering  them  in  the  Register  of  the 
Society,  *  for  securing  the  invention  to  himself  till  such 
time  as  he  can  be  at  leisure  to  publish  it.'     The  manu- 
script, with  the  title  PhUoaophim  Naturalis  Principia 
Malhematica,  was  presented  to  the  society  (to  which  it 
was  dedicated)  on  the  28th  of  April,  1686.     Dr.  Vin- 
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cent,  vho  presented  it,  spoke  of  the  novelty  and  dignil 
of  the  subject;  and  the  president  (Sir  J.   Hoal ' 
added,  with  great  truth,  '  that  the  method  was  so  mmA^ 
the  more  to  be  prized  as  it  was  both  invented 
perfected  at  the  same  time.' 

The  reader  will  recollect  that  we  are  here 
of  the  Prithcipia  as  a  Mechanical  Treatise  only, 
shall  afterwards  have  to  consider  it  as  containing 
greatest  discoveries  of  Fhysical  Astronomy.  As  ■' 
work  on  Dynamics,  ita  merit  is,  that  it  exhibits  it 
wouderiiil  store  of  refined  and  beautiful  mathemolical 
artifices,  applied  to  solve  all  the  most  general  problc 
which  the  subject  offered.  The  Frincipia  can.  hard^ 
be  said  to  contain  any  new  inductive  discovery 
ing  the  principles  of  mechanics;  for  though  Newton^ 
Ajwnts  or  Laws  of  Motion,  which  stand  at  the  begiik^ 
Tijng  of  the  book,  are  a  much  clearer  and  more  general 
statement  of  the  grounds  of  Mechanics  than  had  yet 
appeared,  they  do  not  involve  any  doctrines  which  had 
not  been  previously  stated  or  taken  for  granted  by 
other  mathematicians. 

The  work,  however,  besidea  its  unrivalled  math* 
tical  skill,  employed  in  tracing  out,  deductively, 
consequences  of  the  laws  of  motion,  and  its  great 
mical  discoveries,  which  we  shall  hereafter  treat 
had  great  philosophical  value  in  the  history  of  D; 
mics,  as  exhibiting  a  clear  conception  of  the  new 
racter  and  functions  of  that  science.     In  his  Tre&at, 
Newton  says,  '  Eational  Mechanics  must  be  the  soienoe 
of  the  Motions  which  result  from  any  Forces,  and  of  the 
Forces  which  are  required  for  any  Motions,  accuntely 
propounded   and    demonstrated.      For  many   things 
induce  me  to  suspect,  that  all  natural  phenomena  may 
depend  upon  some  Forces  by  which  the  particles  o£ 
bodies  are  either  drawn  towards  each  other,  and  coher^ 
or  repel  and  recede  from  each  other :  and  these  Poi "  " 
being  hitherto  imknown,  philosophers  have  pursi 
their  researches  in  vain.     And  I  hope  that  the  prim 
pies  expounded  in  this  work  will  afford  some  lij ' 
either  to  this  mode  of  philosophizing,  or 
M-hich  is  more  true.' 
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Before  wo  pursue  thia  subject  fuither,  we  must 
traoe  the  remunder  of  the  history  of  the  Thiril  Law. 

Sect.  2. — Gtneridiaition  ofOte  Third  Law  nf  Motion. — 
Center  of  OsciUalion, — Jlui/glmits. 

The  Third  Law  of  Motion,  whether  ex])res3ed  accord- 
ing to  Newton's  formula,  (by  the  equality  of  Action 
and  Keaction,}  or  in  any  other  of  the  ways  employed 
about  the  same  time,  easily  gave  the  solution  of 
mechanical  problems  in  all  cases  of  direcl  actiouj  that 
is,  when  each  body  acted  directly  on  others.  But 
there  still  remained  the  problems  in  which  the  action 
is  indvrei^; — when  bodies,  in  motion,  act  on  each 
other  by  the  intervention  of  levers,  or  in  any  other 
way.  If  a  rigid  rod,  passing  through  two  weights,  be 
made  to  swing  about  its  upper  point,  so  as  to  form  a 
[>endulum,  each  weight  will  act  and  react  on  the  other 
by  meaJia  of  the  rod,  considered  as  a  lever  turning 
aboat  the  point  of  suKpensiou.  What,  in  thia  oase, 
will  be  the  effect  of  thia  action  andreaotionl  In  what 
time  will  the  pendulum  oscillate  by  the  force  of  gravity! 
Where  is  the  point  at  which  a  single  weight  must  be 
placed  to  oscillate  in  the  same  time !  in  other  words, 
where  is  the  Center  o/Oseillation? 

Such  was  the  problem, — an  example  only  of  the 
general  problem  of  indirect  action, — which  mathema^ 
tidans  had  to  solve.  That  it  was  by  no  means  easy 
to  see  in  what  maiuier  the  law  of  the  communioation 
of  motion  was  to  be  extendi^  from  simpler  cases  to 
those  where  rotatory  motion  was  produced,  is  shown 
by  this; — that  Newton,  in  attempting  to  solve  the 
mechanical  problem  of  the  Precesaion  of  the  Equinoxes, 
fell  into  a  serious  errour  on  this  very  subject.  He 
aaaumed  that,  when  a  part  haa  to  communicate  rotatory 
movcmeot  to  the  whole,  (as  the  protuberant  portion  of 
tlie  terrestrial  spheroid,  attracted  by  the  sun  and 
moon,  communicates  a  small  movement  to  the  whole 
mass  of  the  earth,)  the  quantity  of  the  motion,  '  motus,' 
will  not  fee  altered  by  being  eommuoicfited.  IVia 
priaciple  ia  true,  i^  by  jnotion,  we  understand  ■w\ia,^  \a 
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cialled  moment  of  ineHia,  a  quantity  in  which,  botliti 
velocity  of  each  particle  and  its  distance  from  the  axil 
of  rotation  are  takea  into  account:  tut  Newton,  in 
hia  calcoJations  of  its  amount,  considered  the  velocity 
only;  thus  making  ■motion,  m  this  case,  identical  witt 
the  wiom6ntv/m  which  he  introduces  iu  treating  of  the 
aimpler  case  of  the  third  law  of  motion,  when  the 
action  B  direct.  This  errour  was  retained  even  in  the 
later  editions  of  the  Frineipia.^ 

The  question  of  the  center  of  oscillation  had  been 
proposed  by  Mersenne  somewhat  earlier,'  in  1646. 
And  though  the  problem  waa  out  of  the  reach  of  any 
principles  at  that  time  known  and  understood,  some 
of  the  mathematicians  of  the  day  had  rightly  solved 
some  cases  of  it,  by  prcoeeding  as  if  the  question  had 
been  to  find  the  Center  of  Ferausdon.  The  Center  of 
Percussion  is  the  point  about  which  the  momenta  of 
all  the  parts  of  a  body  balance  each  other,  when  it  is 
in  motion  about  any  axis,  and  is  stopped  by  striking 
against  an  obstacle  placed  at  that  center.  Eoberval 
found  this  point  in  some  easy  cases;  Descartes  also 
attempted  the  problem  ;  their  rival  labours  led  to  an 
angry  controversy :  and  Descartes  was,  as  in  his  phy- 
sical speculations  he  often  waa,  very  presumptnons, 
though  not  more  than  half  right. 

Huyghens  vras  hardly  advanced  beyond  boyhood 
when  Mersenne  first  proposed  this  problem;  and,  as 
he  saya,''  could  see  no  principle  which  even  offered  an 
opening  to  the  solution,  and  had  thus  been  repelled  at 
the  threshold.  When,  however,  he  published  his 
BoTologiiMn  OacUlaioriuTn,  in  1673,  the  fourth  part  of 
that  work  waa  on  the  Center  of  Oscillation  or  Agita- 
tion; and  the  principle  which  he  then  assumed,  though 
not  so  sioiple  and  self-evident  as  those  to  which  such 
problems  were  afterwards  referred,  waa  perfectly  cor- 
rect and  general,  and  led  to  exact  solutions  in  all 
cases.  The  reader  has.  already  seen  repeatedly  in  tho 
course  of  this  history,   complex  and  derivative  prin- 
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ciplea  presenting  themeelrea  to  men's  minds  before 
simpleand  elementary  ones.  The  'hypothesis'  assumed 
by  Huyghens  was  this;  '  that  if  any  weights  are  put 
in  motion  by  the  force  of  gravity,  they  can  not  move 
so  that  the  center  of  gravity  of  them  all  shall  rise 
higher  than  the  place  from  which  it  descended.'  This 
being  assumed,  it  is  easy  to  show  that  the  center  of 
gravity  will,  under  all  circumstances,  rise  as  high  as  its 
original  position ;  and  this  consideration  leads  to  a 
detennination  of  the  osoillation  of  a  compound  pen- 
dulum. We  may  observe,  in  the  principle  thus 
selected,  a  conviction  that,  in  all  mechanical  action, 
the  center  of  gravity  may  be  taken  aa  the  represeutii- 
tive  of  the  whole  system.  Thia  conviction,  as  we  have 
seen,  may  be  traced  in  the  axioms  of  Archimedes  and 
Stevinas;  and  Huyghens,  when  he  proceeds  upon  it, 
undertakes  to  show,°  that  he  assumes  only  this,  that  a 
heavy  body  cannot,  of  itself,  move  upwards. 

Clear  as  Huyghens's  principle  appeared  to  himself, 
it  was,  after  some  time,  attacked  by  the  Abb6  Catelan, 
a  zealous  Cartesian.  Catelan  also  put  forth  principles 
which  he  conceived  were  evident,  and  deduced  from 
them  oodclusions  contradictory  to  those  of  Huyghens. 
His  principles,  now  that  we  know  them  to  be  false, 
appear  to  us  very  gratuitons.  They  are  these ;  '  that 
in  a  compound  pendulum,  the  sum  of  the  velocities  of 
the  component  weights  is  equal  to  the  sum  of  the 
velocities  wliich  they  would  have  acquired  if  they  had 
been  detached  pendulums;'  and  'that  the  time  of  the 
vibration  of  a  compound  pendulum  is  an  arithmetic 
mean  between  the  times  of  the  vibrations  of  the 
weights,  moving  as  detached  pendulums.'  Huyghens 
easily  showed  that  these  suppositions  would  make  the 
center  of  gravity  ascend  to  a  greater  height  than  that 
from  which  it  fell ;  and  after  some  time,  James  Ber- 
noulli stept  into  the  arena,  and  ranged  himseif  on  the 
side  of  Huyghens.  As  the  discussion  thus  p 
it  began  to  be  seen  that  the  question  really  w 
what  manner   the  Third  Law  of  Motion  waa  to  \je 
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extended  to  cases  of  indirect  action;  whether  by  dis^ 
tributing  the  action  and  re-action  according  to  statical 
principles,  or  in  some  other  way.     *  I  propose  it  to  the 
consideration  of  mathematicians,'   says   Bernoulli  in 
1686,  'what  law  of  the  communication  of  velocity  is 
observed  by  bodies  in  motion,  which  are  sustained  at 
one  extremity  by  a  fixed  fulcrum,  and  at  the  other  by 
a  body  also  moving,  but  more  slowly.     Is  the  excess 
of  velocity  which  must  be  communicated  from  the  one 
body  to  the  other  to  be  distributed  in  the  same  pro- 
portion in  which  a  load  supported  on  the  lever  would 
be  distributed?'      He  adds,  that  if  this  question  be 
answered  in  the  affirmative,  Huyghens  will  be  found 
to  be  in  errour;  but  this  is  a  mistake.     The  principle, 
that  the  action  and  re-action  of  bodies  thus  moving  are 
to  be  distributed  according  to  the  rules  of  the  lever,  is 
true ;  but  Bernoulli  mistook,  in  estimating  this  action 
and  re-action  by  the  velocity/  acquired  at  any  moment ; 
instead  of  taking,  as  he  should  have  done,  the  incremeTU 
of  velocity  which  gravity  tended  to  impress  in  the  next 
instant.     This  was  shown  by  the  Marquis  de  rH6pital ; 
who  adds,  with  justice,  *  I  conceive  that  I  have  thus 
fully  answered  the  call  of  Bernoulli,  when  he  says,  I 
propose  it  to  the  consideration  of  mathematicians,  <fec.' 
We  may,  from  this  time,  consider  as  known,. but  not 
as  fully  established,  the  principle  that  *  When  bodies 
in  motion  affect  each  other,  the  action  and  re-action 
are   distributed    according   to   the   laws   of  Statics;' 
although  there  were  still  found  occasional  difficulties 
in   the   generalization   and   application   of   the   rule. 
James  Bernoulli,  in  1703,  gave  *  a  General  Demonstra- 
tion of  the  Center  of  Oscillation,   di-awn  from   the 
nature  of  the  Lever.' 4.  In  this  demonstration®  he  takes 
as  a  fundamental  principle,  that  bodies  in  motion,  con- 
nected by  levers,  balance,  when  the  products  of  their 
momenta  and  the  lengths  of  the  levers  are  equal  in 
opposite  directions.     For  the  proof  of  this  proposition, 
he  refers  to  Marriotte,  who  had  asserted  it  of  weights 
acting  by  percussion,^^  and  in  order  to  prove  it,  had 


^  Ojf.  u.  Pio.  ^^  CHoq.  dc8  Corps, ^.  *^^. 
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'balanced  the  effect  of  a  weight  on  a  lever  by  the  effect 
of  a  jet  of  water,  and  had  confirmed  it  by  other  expe- 
riments.^^    Moreover,  says  Bernoulli,  there  is  no  one 
who  denies  it.     Still,  this  kind  of  proof  was  hardly 
satisfactory  or  elementary  enough.      John  Bernoulli 
took  up  the  subject  after  the  death  of  his  brother 
James,  which  happened  in  1705.     The  former  pub- 
lished in  17 14  his  Meditatio  de  Naturd  Centri  OsciUa- 
tionis.     In  this  memoir,  he  assumes,  as  his  brother  had 
done,  that  the  effects  of  forces  on  a  lever  in  motion  are 
distributed   according  to   the   common   rules  of   the 
lever.  12     The  principal  generalization  which  he  intro- 
duced was,  that  he  considered  gravity  as  a  force  solicit- 
ing to  motion,  which  might  have  different  intensities 
in  different  bodies.     At  the  same  time,  Brook  Taylor 
in  England  solved  the  problem,  upon  the  same  princi- 
ples as  Bernoulli ;  and  the  question  of  priority  on  this 
subject  was  one  point  in  the  angry  intercourse  which, 
about  this  time,  became  common  between  the  English 
mathematicians  and  those  of  the  Continent.     Hermann 
also,  in  his  Phoronomia,   published  in   17 16,  gave  a 
proof  which,  as  he  informs  us,  he  had  devised  before 
he  saw  John  Bernoulli's.     This  proof  is  founded  on 
the  statical  equivalence  of  the  ^solicitations  of  gravity^ 
and  the  'vicarioris  solicitations*  which  correspond  to 
the  actual  motion  of  each  part;   or,  as  it  has  been 
expressed  by  more  modern  writers,  the  equilibrium  of 
the  impressed  and  effective  forces. 

It  was  shown  by  John  Bernoulli  and  Hermann,  and 
was  indeed  easily  proved,  that  the  proposition  assumed 
by  Huyghens  as  the  foundation  of  his  solution,  was,  in 
fact,  a  consequence  of  the  elementary  principles  which 
belong  to  this  branch  of  mechanics.  But  this  assumption 
of  Huyghens  was  an  example  of  a  more  general  propo- 
sition, which  by  some  mathematicians  at  this  time  had 
been  put  forward  as  an  original  and  elementary  law; 
and  as  a  principle  which  ought  to  supersede  the  usual 
measure  of  the  forces  of  bodies  in  motion;  this  princi- 
ple they  called  Hke  Conservation  of  Vis  Viva.*     The 
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attempt  to  make  this  change  was  the  commencement 
of  one  of  the  most  ohatinate  and  curious  of  the  contro- 
Tereies  which  form  part  of  the  history  of  mechanical 
Bcience.  The  celebrated  Leibnitz  was  the  author  of  tie 
new  opinion.  In  1686,  be  published,  in  the  Leipsic 
Acts,  'A  short  DemoBstration  of  a  memorable  Errour 
of  Descartes  and  others,  concerning  the  natund  law  by 
which  they  think  thai  God  always  prescivea  the  same 
quantity  of  motion ;  in  which  they  pervert  mechanics.' 
The  principle  that  the  same  quantity  of  motion,  and 
therefore  of  moving  force,  is  always  preserved  in  the 
world,  followB  from  the  equality  of  action  and  re-ac- 
tion; though  Descartes  had,  after  his  fashion,  given  a 
theological  reason  for  it;  Leibnitz  allowed  that  the 
quantity  of  moving  force  remains  always  the  same, 
but  denied  that  this  force  is  measured  by  the  quantity 
of  motion  or  momentum.  He  maintained  that  the 
same  force  is  requisite  to  raise  a  weight  of  one  pound 
through  four  feet,  and  a  weight  of  four  pounds  through 
one  foot,  though  the  momenta  in  this  case  are  as  one 
to  two.  This  was  answered  by  the  Abb6  de  Conti; 
who  truly  observed,  tha,t  allowing  the  effects  in  the  two 
cases  to  be  equal,  this  did  not  prove  the  forces  to  be 
equal ;  since  the  effect,  in  the  first  case,  was  pi-oduced 
in  a.  double  time,  and  tberefore  it  waa  quite  consistent 
to  BupposB  the  force  only  half  as  great  L^bnitz, 
however,  persisted  in  his  innovation;  and  in  1695  laid 
down  the  distinction  between  vires  mortute,  or  pres- 
sures, and  vires  viva,  the  name  he  gave  to  his  own 
measure  of  force.  He  kept  wp  a  correspondence  with 
John  Bernoulli,  whom  he  converted  to  his  peculiar 
opinions  on  this  subject;  or  rather,  aa Bernoulli  saya,^* 
made  him  think  for  himnelf,  which  ended  in  his  proving 
directly  that  which  Leibnitz  had  defended  by  indirect 
reasons.  Among  other  arguments,  he  had  pr^ended 
to  show  (what  is  certainly  not  true),  that  if  the  com- 
mon measure  of  forees  be  adhered  to,  a  perpetual 
motion  would  be  possible.  It  is  easy  to  collect  many 
caaes  which  admit  of  being  very  simply  and  conve- 
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uiently  reasoned  apon  by  means  of  the  vis  viva,  thut 
is,  by  taking  the  force  to  be  proportional  to  the  square 
of  the  Telocity,  aud  not  to  the  velocity  itself.  Thua, 
in  order  to  give  the  arrow  twice  the  velocity,  the  bow 
must  be/oTii*  times  as  strong;  and  in  a]l  cases  in  which 
no  account  ia  taken  of  tlie  time  of  producing  the  effect, 
we  may  conveniently  use  similar  methods. 

But  it  was  not  till  a  later  period  that  the  question 
excited  any  general  notice.  The  Academy  of  Sciences 
of  Paris  in  1724  proposed  as  a  subject  for  their  prize 
dissei-tation  the  laws  of  the  impact  of  bodies.  Ber- 
noulli, OS  a  competitor,  wi-ote  a  ti'eatiae,  upon  Leib- 
nitzian  principles,  whicli,  though  not  honoured  with 
the  prize,  was  printed  by  the  Academy  with  commen- 
dation.'* The  opinions  whicli  he  here  defended  and 
illuatruted  were  adopted  by  several  mathematicians ; 
the  controversy  extended  from  the  mathematical  to 
the  literary  world,  at  that  time  moi-e  abtentive  than 
usual  to  mathematical  disputes,  in  consequence  of  the 
great  struggle  then  going  on  between  the  Cartesian  and 
tLe  Newtonian  system.  It  was,  however,  obvious,  that 
hy  this  time  the  interest  of  the  question,  so  iar  as  the 
progresHof  Dynamics  was  concerned,  was  at  an  end;  for 
the  combatants  all  agreed  as  to  the  resiilCa  in  each  parti- 
cular cafie.  The  Laws  of  Motion  were  now  established; 
and  the  question  was,  by  means  of  what  definitions  and 
abstractions  could  they  be  best  expressed ; — a  metaphy- 
sical, not  a  physical  discussion,  and  therefore  one  in 
which  '  the  paper  philosophers,'  aa  Galileo  called  them, 
could  bear  a  part.  In  the  fii'st  volume  of  the  Tfons- 
actiant  oftlte  Academy  of  St.  Feler/iburyh,  publishetl  in 
1728,  there  are  three  Leibnitzian  memoirs  by  Her- 
mann, Bullfinger,  and  Wolff.  In  England,  Clarke  waa 
an  angry  assailant  of  the  German  opinion,  which 
8'Oravesande  maintained.  In  France,  Mairan  attacked 
tha  ««  viva  in  1728;  'with  strong  and  victorious  rea- 
sons,' aa  the  Marquise  du  Chatelet  declared,  in  the  first 
edition  of  her  Trealise  on  Fire}^     But  shortly  after 
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this  praise  was  published,  the  Chateau  de  Cirey,  where 
the  Marquise  usualJy  lived,  became  a  school  of  Leib- 
nitzian  opinions,  and  the  resort  of  the  principal  parti- 
sans of  the  vis  viva.  '  Soon,'  observes  Mairan,  *  their 
language  was  changed ;  the  vis  viva  was  enthroned  by 
the  side  of  the  monads.^  The  Marquise  tried  to  retract 
or  explain  away  her  praises ;  she  urged  arguments  on 
the  other  side.  Still  the  question  was  not  decided; 
even  her  friend  Voltaire  was  not  converted.  In  17  41 
he  read  a  memoir  On  the  Measure  and  Nature  of 
Moving  Forces,  in  which  he  maintained  the  old  opinion. 
Finally,  D'Alembert  in  1743  declared  it  to  be,  as  it 
truly  was,  a  mere  question  of  words;  and  by  the  turn 
which  Dynamics  then  took,  it  ceased  to  be  of  any  pos- 
sible interest  or  importance  to  mathematicians. 

The  representation  of  the  laws  of  motion  and  of  the 
reasonings  depending  on  them,  in  the  most  general 
form,  by  means  of  analytical  language,  cannot  be  said 
to  have  been  fully  achieved  till  the  time  of  D'Alem- 
bert ;  but  as  we  have  already  seen,  the  discovery  of 
these  laws  had  taken  place  somewhat  earlier;  and  that 
law  which  is  more  particularly  expressed  in  D'Alem- 
bert's  Principle  (the  equality  of  the  action  gained  and 
lost)  was,  it  has  been  seen,  rather  led  to  by  the  general 
current  of  the  reasoning  of  mathematicians  about  the 
end  of  the  seventeenth  century  than  discovered  by 
any  one.  Huyghens,  Marriotte,  the.  two  Bemoullis, 
L'H6pital,  Taylor,  and  Hermann,  have  each  of  them 
their  name  in  the  history  of  this  advance;  but  we  can- 
not ascribe  to  any  of  them  any  great  real  inductive 
sagacity  shown  in  what  they  thus  contributed,  except 
to  Huyghens,  who  first  seized  the  principle  in  such  a 
form  as  to  find  the  Center  of  Oscillation  by  means  of 
it.  Indeed,  in  the  steps  taken  by  the  others,  language 
itself  had  almost  made  the  generalization  for  them  at 
the  time  when  they  wrote;  and  it  required  no  small 
degree  of  acuteuess  and  care  to  distinguish  the  old 
cases,  in  which  the  law  had  already  been  applied^  from 
the  new  cases,  in  which  they  had  to  apply  it 


71 


CHAPTER  VI. 

Sequel  to  the  Generalization  op  the  Principles 
OP  Mechanics. — Period  op  Mathematical  De- 
duction.— Analytical  Mechanics. 

1X7  E  have  now  finished  the  history  of  the  discovery 
VV    of  Mechanical  Principles,  strictly  so  called.     The 
three  Laws  of  Motion,  generalized  in  the  manner  we 
have   described,  contain   the  materials   of  the  whole 
istructure  of  Mechanics;  and  in  the  remaining  progress 
of  the  science,  we  are  led  to  no  new  truth  which  was 
not  implicitly  involved   in   those   previously  known. 
It  may  be  thought,  therefore,  that  the  narrative  of  this 
progress  is  of  comparatively  small  interest.     Nor  do 
we  maintain  that  the  application  and  developement  of 
principles  is  a  matter  of  so  much  importance  to  the 
philosophy  of  science,  as  the  advance  towards  and  to 
them.     Still,   there   are   many  circumstances   in  the 
latter  stages  of  the  pi'ogress  of  the  science  of  Mechanics, 
which  well  deserve  notice ;  and  make  a  rapid  survey 
of  that  part  of  its  history  indispensable  to  our  purpose. 
The  Laws  of  Motion  are  expressed  in  terms  of  Space 
and  Number;  the  developement  of  the  consequences  of 
these  laws  must,  therefore,  be  performed  by  means  of 
the   reasonings   of  mathematics;    and   the  science  of 
Mechanics   may   assume   the    various   aspects   which 
belong  to  the  different  modes  of  dealing  with  mathe- 
matical quantities.    Mechanics,  like  pure  mathematics, 
may  be  geometrical  or  may  be  analytical;  that  is,  it 
may  treat  space  either  by  a  direct  consideration  of  its 
properties,  or  by  a  symbolical  representation  of  tbem  : 
Mechanics,  like  pure  mathematics,  may  proceed  from 
special  cases,  to  problems  and  methods  of  extreme  gene- 
rality;— may  summon  to  its  aid  the  curious  and  refined 
relations  of  symmetry,  by  which  general  and  complex 
conditions  are  simplified; — may  become  more  powerful 
hj  the  diseorer^  of  more  powerful  analytical  arti&cea;,— 
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may  even  have  the  generality  of  ita  principles  fiirtlKl" 
expanded,  inasmuch  as  symbols  are  a  moi'e  general 
language  than  words.  We  shall  very  briefly  notice 
a.  series  of  modifications  of  this  kind. 

1.  GeoTiielrical  Mechanics.  Newton,  <fcc. — The  first 
great  systematical  Treatise  on  Mechanics,  is  the  moat 
general  senae,  is  the  two  first  Books  of  the  Prindpa 
of  Newton.  In  this  work,  the  method  employed  is 
predominantly  geometrical:  not  only  space  is  not 
represented  symbolically,  or  by  reference  to  number; 
but  numbers,  as,  for  instance,  those  which  measure 
time  and  force,  are  represented  by  spaces;  and  the 
laws  of  their  changes  are  indicated  hy  the  properties 
of  curve  lines.  It  is  well  known  that  Newton  em- 
ployed, by  preference,  methods  of  this  kind  in  the 
exposition  of  bis  theorems,  even  where  he  had  mads 
the  discovery  of  them  by  analytical  calculations.  Th9 
intuitions  of  space  appeared  to  him,  as  they  havCj 
appeared  to  many  of  lits  followers,  to  be  a 
and  satisfactory  road  to  knowledge,  than  the  operations- 
of  symholical  language.  Heiinann,  whose  Phoronomia 
was  the  next  great  work  on  this  subject,  pursued  a 
like  courae;  employing  curves,  which  he  calls  'the 
scale  of  velocities,'  '  of  tbroea,'  La.  Methods  nearly 
similar  were  employed  by  the  two  first  Bernoullis, 
and  other  mathematicians  of  that  period;  and  were, 
indeed,  so  long  familiar,  that  the  influence  uf  them 
may  still  be  traced  in  some  of  the  terms  which  are 
used  on  such  subjects;  as,  for  instance,  when  wo  talk 
of  'reducing  a  problem  to  quadratures,'  that  is,  to  the 
flndiag  the  area  of  the  curves  employed  in  these 
methods. 

2.  Analytical  Mechanics.  Euhr. — As  analysis  waa 
more  cultivated,  it  gained  a  predominancy  over  geo- 
metry; being  found  to  be  a  far  more  powerful  instru- 
ment for  obtaining  results;  and  possessing  a  beauty 
and  an  evidence,  which,  though  different  from  those 
of  geometry,  had  great  attractions  for  minds  to  which. 
they  became  &miliar.  The  person  who  did  most  to 
give  to  analysis  the  generality  and  symmetry  which 

ar»  now  its  pridi;,  was  aiso  tVie  ^tboh  -wW  ii^ii^ 
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Mechanics  analytical;  I  mean  Euler.     He  began  hia 
execution   of   this   task   in   rarious   memoirs   which 


appeared  in  the  TrarmaetiojiS  of  tlte  Academy  o/Scii 
ai  Si.  PeUrshurgK,  commencing  with  ita  earliest  vo- 
lumes; and  in  1736,  he  published  there  bis  Mechanics, 
or  tJie  Science  of  Motion  arialyiically  expounded;  in  tlie 
way  of  a  HuppUTtient  to  tite  Transactions  of  the  Itnperiat 
Academy  of  Sciences.  In  the  pre&ce  to  this  work,  he 
sajai,  that  though  the  solutions  of  problems  bj  Newton. 
and  Hermann  were  qnite  satiafiMitory,  yet  he  found 
that  he  had  a  difficulty  in  applying  tliem  to  new  pro- 
blems, differing  little  from  theirs;  and  that,  therefore, 
he  thought  it  would  be  useful  to  extract  an  auulysia 
out  of  their  synthesis. 

3.  Mechanical  Froblems-^-la  reality,  however,  Euler 
has  done  much  more  than  merely  give  analytical 
methods,  which  may  be  applied  to  mechanical  problems : 
be  has  himself  applied  such  methods  to  an  immense 
number  of  cases.  His  transcendent  matliematical 
powers,  his  long  and  studious  life,  and  the  interest 
with  whicli  he  pursued  the  subject,  led  him  to  solve  an 
almost  inconceivable  numberand  variety  of  mechanical 
problems.  Such  problems  suggested  themselves  to 
him  on  all  occasions.  One  of  hia  memoirs  begins,  by 
stating  that,  happening  to  think  of  the  line  of  Virgil, 


he  oould  not  help  inquiring  what  would  be  the  nature 
of  the  ship's  motion  under  t!ie  circumatancea  here 
described.  And  in  the  last  few  days  of  hia  life,  at^r 
his  mortal  illness  had  begun,  having  seen  in  the  news- 
pt^ers  some  statements  respecting  balloons,  he  pro- 
ceeded  to  calculate  their  motions;  and  performed  a 
difficult  integration,  inwhich  this  undertaking  engaged 
him.  Hia  Memoirs  occupy  a  very  large  portion  of  the 
FetropoUta/ti  Tranaactiona  during  his  life,  from  1728 
to  1783;  and  he  declared  that  he  should  leave  papers 
which  might  enrich  the  publications  of  the  Academy 
of  Petersburg  [or  twenty  years  after  hia  deat\i-, — a. 
promiee  which  haa  been  more  than  fulfilled  ;  for,  U'p  to 
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1818,  the  volumes  usually  contain  several  Memoirs  ot 
his.  He  and  his  contemporaries  may  be  said  to  have 
exhausted  the  subject;  for  there  are  few  mechanical 
problems  which  have  been  since  treated,  which  they 
have  not  in  some  manner  touched  upon. 

I  do  not  dwell  upon  the  details  of  such  problems; 
for  the  next  great  step  in  Analytical  Mechanics,  thd 
publication  of  D'Alembert's  Principle  in  1743,  in  a 
great  degree  superseded  their  interest.  The  Transac- 
tions of  the  Academies  of  Paris  and  Berlin,  as  well  as 
St.  Petersburg,  are  filled,  up  to  this  time,  with  various 
questions  of  this  kind.  They  require,  for  the  most 
part,  the  determination  of  the  motions  of  several  bodies^ 
with  or  without  weight,  which  pull  or  push  each 
other  by  means  of  threads,  or  levers,  to  which  they  are 
fastened,  or  along  which  they  can  slide ;  and  which, 
having  a  certain  impulse  given  them  at  first,  are  then 
left  to  themselves,  or  are  compelled  to  move  in  given 
lines  and  surfaces.  The  postulate  of  Huyghens,  respect- 
ing the  motion  of  the  center  of  gravity,  was  generally 
one  of  the  ])rinciples  of  the  solution ;  but  other  prin- 
ciples were  always  needed  in  addition  to  this ;  and  it 
required  the  exercise  of  ingenuity  and  skill  to  detect 
the  most  suitable  in  each  case.  Such  problems  were, 
for  some  time,  9,  sort  of  trial  of  strength  among  mathe* 
maticians :  the  principle  of  D'Alembert  put  an  end  to 
this  kind  of  challenges,  by  supplying  a  direct  and 
general  method  of  resolving,  or  at  least  of  throwing 
into  equations,  any  imaginable  problem.  The  ifiecha- 
nical  difficulties  were  in  this  way  reduced  to  difficulties 
of  pure  mathematics. 

4.  U Alemhert' 8  Principle. — D'Alembert's  Principle 
is  only  the  expression,  in  the  most  general  form,  of  the 
principle  upon  which  John  Bernoulli,  Hermann,  and 
others,  had  solved  the  problem  of  the  center  of  oscilla- 
tion. It  was  thus  stated,  *  The  motion  iinpressed  on 
each  particle  of  any  system  by  the  forces  which  act 
upon  it,  may  be  resolved  into  two,  the  effective  motion, 
and  the  motion  gained  or  lost:  the  effective  tnotions 
will  be  the  real  motions  of  the  parts,  and  the  motions 
gained  and  lost  will  be  such,  oa  woxA^  V^e^  \Jckft  ^^-sivKssi 
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at  rest.'  The  distinction  of  statics,  the  doctrine  of 
equilibrium,  and  dynamics,  the  doctrine  of  motion, 
was,  as  we  have  seen,  fundamental ;  and  the  diflference 
of  difficulty  and  complexity  in  the  two  subjects  was 
well  understood,  and  generally  recognized  by  mathe- 
maticians. D'Alembert's  principle  reduces  every  dyna- 
mical question  to  a  statical  one ;  and  hence,  by  means 
of  the  conditions  which  connect  the  possible  motions 
of  the  system,  we  can  determine  what  the  actual 
motions  must  be.  The  difficulty  of  determining  the 
laws  of  equilibrium,  in  the  application  of  this  prin- 
ciple in  complex  cases,  is,  however,  often  as  great  as  if 
we  apply  more  simple  and  direct  considerations. 

5.  Motion  in  Resisting  Media.  Ballistics. — We 
shall  notice  more  particularly  the  histoiy  of  some  of 
the  problems  of  mechanics.  Though  John  Bernoulli 
always  spoke  with  admiration  of  Newton's  Principia, 
and  of  its  author,  he  appears  to  have  been  well  dis- 
posed to  point  out  real  or  imagined  blemishes  in  the 
work.  Against  the  validity  of  Newton's  determination 
of  the  path  described  by  a  body  projected  in  any  part 
of  the  solar  system,  Bernoulli  urges  a  cavil  which  it  is 
difficult  to  conceive  that  a  mathematician,  such  as  he 
was,  could  seriously  believe  to  be  well  founded.  On 
Newton's  determination  of  the  path  of  a  body  in  a  re- 
sisting medium,  his  criticism  is  more  just.  He  pointed 
out  a  material  errour  in  this  solution :  this  correction 
came  to  Newton's  knowledge  in  London,  in  October 
17 1 2,  when  the  impression  of  the  second  edition  of  the 
Principia  was  just  drawing  to  a  close,  under  the  care 
of  Cotes  at  Cambridge :  and  Newton  immediately  can- 
celled the  leaf  and  corrected  the  errour.^ 

This  problem  of  the  motion  of  the  body  in  a  resist- 
ing medium,  led  to  another  collision  between  the 
English  and  the  German  mathematicians.  The  pro- 
position to  which  we  have  referred,  gave  only  an  indi- 
rect view  of  the  nature  of  the  curve  described  by  a 
projectile  in  the  air;  and.  it  is  probable  that  Newton, 
when  he  wrote  the  Principia,  did  not  see  his  way  to 
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any  direct  and  complete  solution  of  this  problem.  At 
a.  later  period,  in  1718,  when  the  quairel  had  waxed 
hot  between  the  Eidmirers  of  Newton  and  Leibnitz, 
Keill,  who  had  come  forward  as  a  champion  on  the 
English  aide,  proposed  this  problem  to  the  foreigners 
as  a  challenge.  Keill  ]>robably  imagined  that  what 
Newton  had  not  discovered,  no  one  of  his  time  would  , 
be  able  to  discover.  But  the  sedulous  cultivation  of 
analysis  by  the  Germans  had  given  them  mathematical 
powers  beyond  the  especljition  of  the  English ;  who, 
whatever  might  be  their  talents,  had  made  little 
advance  in  the  efrectiv«  use  of  genera!  methods;  and 
for  a  long  period  seemed  to  be  fascinated  to  the  qiol^ 
in  their  admiration  of  Newton's  excellence.  Bernoulli 
speedily  salved  the  problem;  and  reasonably  enou^ 
according  to  the  law  of  hooour  of  such  challenge^ 
called  upon  the  challenger  to  produce  his  soluti(»  ~ 
Keill  was  unable  to  do  this;  and  after  Bome  altempf 
at  procrastination,  was  driven  to  very  paltry  evafliou 
Bernoulli  then  published  his  solution,  with  very  jot 
eKpresaions  of  scorn  towards  his  antagonist.  And  thi 
may,  perhaps,  be  considered  as  the  first  material  &d£ 
tion  which  was  made  to  the  J'rincipia  by  aubsequCT' 
writers. 

6.  Constellation,  ttf  Mathematicians.'— -We  pass  v 
admiration  along  the  great  series  of  mathentaticiai 
by  whom  the  science  of  theoretical  mechauics  has  bee 
cultivated,  from  the  time  of  Newton  to  our  owi 
There  is  no  group  of  men  of  science  whose  &me  is 
higher  or  brighter.  The  great  discoveries  of  Coper- 
nicus, Galileo,  NewtoD,  had  fixed  all  eyes  on  those 
portions  of  human  knowledge  on  which  their  succeasora 
employed  their  labours.  The  certaioty  belonging  to 
this  line  of  speculation  seemed  to  elevate  mathema- 
ticians above  the  students  of  other  subjects;  and  the 
beauty  of  mathematical  relations,  and  the  subtlety  of 
intellect  which  may  be  shown  in  dealing  with  them, 
were  fitted  to  win  unbounded  applause.  The  succea- 
aors  of  Newton  and  the  EemoulUs,  as  Euler,  Clairaut, 
D'Alembert,  Lagrange,  La\)lace,  not  to  introduce  living 
aajaea,  iave  been  aume  oJ  tlie  moatTeo\B.v\alM\(i  m^a.  <& 


SEQUEL  TO  TOE  GEX  EKALIZATION, 

talent  which  the  world  bas  seen.  That  their  talent  is, 
for  the  moat  part,  of  a  different  kind  from  that  by 
which  the  laws  of  nature  were  discovered,  I  shall  have 
occaaiou  to  explata  elsewhere ;  fur  the  present,  I  must 
endeaToor  to  arrange  the  principal  achievements  of 
those  whom  I  have  mentioned. 

The  aeries  of  pereona  is  connected  by  social  relations. 
Euler  was  the  pupil  of  the  first  generation  of  Ber- 
nouUia,  and  the  intimate  friend  of  the  second  genera- 
tion;  and  all  these  extraordinary  men,  as  well  as  Her- 
mann, were  of  the  city  of  Basil,  in  that  age  a  spot 
fertile  of  great  mathematicians  to  an  nnparalleled 
degree.  In  1740,  Clairaut  and  Maiipertvus  visited 
John  Bernoulli,  at  that  time  the  Nestor  of  mathema- 
ticians, who  died,  full  of  age  and  honours,  in  1748. 
Euler,  several  of  the  Bemoullis,  Maupertuia,  Lagrange, 
among  other  mathematicians  of  smaller  note,  were 
called  into  the  north  by  Catharine  of  Russia  and 
Frederic  of  Prussia,  to  inspire  and  instruct  academies 
which  the  brilliant  &me  then  ctttached  to  science,  had 
induced  those  monarchs  to  establish.  The  prizes  pro- 
posed by  these  societies,  and  by  the  French  Academy 
of  Sciences,  gave  occasion  to  many  of  the  moat  valoable 
mathematical  works  of  the  century. 

7.  The  Problem  0/ Three  Bodies. — In  1747,  Clairaut 
and  D'Alemhert  sent,  on  the  same  day,  to  this  body, 
their  solutions  of  the  celebrated  '  Problem  of  Three 
Bodies,'  which,  from  that  time,  became  the  great  object 
of  attention  of  mathematicians ;— the  bow  in  which 
each  tried  his  strength,  and  endeavoured  to  shoot  fur- 
ther than  his  predewiasors. 

This  problem  was,  in  fact,  the  astronomical  question 
of  the  effect  produced  by  the  attraction  of  the  sun,  in 
disturbing  the  motions  of  the  moon  about  the  earth  ; 
or  by  the  attraction  of  one  planet,  disturbing  the 
motion  of  another  planet  about  the  sun;  but  being 
expressed  generally,  as  referring  to  one  body  which 
disturbs  any  two  others,  it  became  a  mechanical 
problem,  and  the  history  of  it  belongs  to  the  present 

One  conaeqaenae  of  the  B/nthetical  form  adopted. t-j 
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Newton  in  the  Principia,  was,  that  his  successors  had 
the  problem  of  the  solar  system  to  begin  entirely  anew. 
Those  who  would  not  do  this,  made  no  progress,  as  was 
long  the  case  with  the  English.  Clairaut  says,  that  he 
tried  for  a  long  time  to  make  some  use  of  NewtonV 
labours;  but  that,  at  last,  he  resolved  to  take  up  the 
subject  in  an  independent  manner.  This,  accordingly, 
he  did,  using  analysis  throughout,  and  following 
methods  not  much  different  from  those  still  employed. 
We  do  not  now  speak  of  the  comparison  of  this  theory 
with  observation,  except  to  remark,  that  both  by  the 
agreements  and  by  the  discrepancies  of  this  comparison, 
Claii-aut  and  other  writers  were  perpetually  driven  on 
to  carry  forwards  the  calculation  to  a  greater  and 
greater  degree  of  accuracy. 

One  of  the  most  important  of  the  cases  in  which 
this  happened,  was  that  of  the  movement  of  the  A  pogee 
of  the  Moon ;  and  in  this  case,  a  mode  of  approximating 
to  the  truth,  which  had  been  depended  on  as  nearly 
exact,  was,  after  having  caused  great  perplexity,  found 
by  Clairaut  and  Euler  to  give  only  half  the  truth. 
This  same  Problem  of  Three  Bodies  was  the  occasion  of 
a  memoir  of  Clairaut,  which  gained  the  prize  of  the 
Academy  of  St.  Petersburg  in  175 1;  and,  finally,  of 
his  Theorie  de  la  Lune,  published  in  1765.  D'Alem- 
bert  laboured  at  the  same  time  on  the  same  problem ; 
and  the  value  of  their  methods,  and  the  merit  of  the 
inventors,  unhappily  became  a  subject  of  controversy 
between  those  two  great  mathematicians.  Euler  also, 
in  1753,  published  a  Theory  of  the  Moon^  which  was, 
perhaps,  more  useful  than  either  of  the  others,  since  it 
was  afterwards  the  basis  of  Mayer  s  method,  and  of  his 
Tables.  It  is  difficult  to  give  the  general  reader  any 
distinct  notion  of  these  solutions.  We  may  observe, 
that  the  quantities  which  determine  the  moon's  position, 
are  to  be  determined  by  means  of  certain  algebraical 
equations,  which  express  the  mechanical  conditions  of 
the  motion.  The  operation,  by  which  the  result  is  to 
be  obtained,  involves  the  process  of  integration ;  which, 
in  this  instance,  cannot  be  performed  in  an  immediate 
and  de^uite  manner  \  »iice  tYi^  c^^u-u^V^as^  ^Jtoaa  \fo  \ife 
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perated  on  depend  upon  the  moon's  position,  and  thus 
squire  us  to  know  the  very  thing  which  we  have  to 
etermine  by  the  operation.  The  result  must  be  got 
t,  therefore,  by  successive  approximations :  we  must 
rst  find  a  quantity  near  the  truth ;  and  then,  by  the 
elp  of  this,  one  nearer  still ;  and  so  on ;  and,  in  this 
lanner,  the  moon's  place  will  be  given  by  a  converg- 
ig  series  of  terms.  The  form  of  these  terms  depends 
|K)n  the  relations  of  position  between  the  sun  and 
loon,  their  apogees,  the  moon's  nodes,  and  other  quan- 
ties;  and  by  the  variety  of  combinatious  of  which 
lese  admit,  the  terms  become  very  numerous  and 
)mplex.  The  magnitude  of  the  terms  depends  also 
pon  various  circumstances;  as  the  relative  force  of 
le  sun  and  earth,  the  relative  times  of  the  solar  and 
inar  revolutions,  the  eccentricities  and  inclinations  of 
le  two  orbits^  These  are  combined  so  as  to  give 
rms  of  different  orders  of  magnitudes ;  and  it  depends 
pon  the  skill  and  perseverance  of  the  mathematician 
3W  far  he  will  continue  this  series  of  terms.  For 
lere  is  no  limit  to  their  number;  and  though  the 
ethods  of  which  we  have  spoken  do  theoretically 
lable  us  to  calculate  as  many  terms  as  we  please,  the 
hour  and  the  complexity  of  the  operations  are  so 
rious  that  common  calculators  are  stopped  by  them, 
one  but  very  great  mathematicians  have  been  able 
I  walk  safely  any  considerable  distance  into  this 
'^enue, — so  rapidly  does  it  darken  as  we  proceed.  And 
'en  the  possibility  of  doing  what  has  been  done,  de- 
jnds  upon  what  we  may  call  accidental  circumstances; 
le  smallness  of  the  inclinations  and  eccentricities  of 
le  system,  and  the  like.  *  If  nature  had  not  favoured 
I  in  this  way,'  Lagrange  used  to  say,  '  there  would 
ive  been  an  end  of  the  geometers  in  this  problem.' 
lie  expected  return  of  the  comet  of  1682  in  1759, 
kve  a  new  interest  to  the  problem,  and  Clairaut  pro- 
eded  to  calculate  the  case  which  was  thus  suggested, 
'^hen  this  was  treated  by  the  methods  which  had  suc- 
eded  for  the  moon,  it  offered  no  prospect  of  success, 
.  consequence  of  the  absence  of  the  favourable  cir- 
uo&tsmcesjust  referred  to,  and,  accordingly,  Clairaut, 
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after  ol]taining  the  six  equations  to  which  he  roducea 
the  solution,*  adds,  '  Integrate  them  who  can ;'  {Iut*gre 
maintenant  qui  pourra).  NewmethodB  of  approxima' 
tion  were  devised  for  this  casa 

The  prohlem  of  three  hodies  was  not  prosecuted  in 
consequence  of  its  analytical  beauty,  or  its  intrinaic 
attraction ;  bnt  its  great  difficulties  were  thus  resolutely 
combated  from  necessity;  because  in  no  other  way 
could  the  theory  of  universal  gravitation  be  known  to 
be  true  or  made  to  be  useful.  The  construction  of 
Tables  of  the  Moon,  an  object  which  offered  a  large 
pecuniary  reward,  as  well  as  mathematical  glory,  to 
the  successful  adventurer,  was  the  main  purpose  of 
these  labours. 

The  Tlw.ory  of  the  Planets  presented  the  Problem  of 
Three  Bodies  in  a  new  form,  and  involved  in  peculiw 
difficulties ;  for  the  approximations  which  succeed  m 
the  Lunar  Theory  fail  here.  Artifices  somewhtt 
modified  are  required  to  overcome  the  difficulties  of 

Euler  had  investigated,  in  particular,  the  motions  of 
Jupiter  and  Saturn,  in  which  there  was  a  aecultir 
acceleration  and  retardation,  known  by  observation, 
but  not  easily  explicable  by  theory.  Euler's  memoire, 
which  gained  the  prize  of  the  French  Academy,  in 
1748  and  1753,  contained  much  beautiiiil  analyEis; 
and  Lagrange  published  also  a  theory  of  Jupiter  and 
Saturn,  in  which  he  obtained  rEsults  different  from 
those  of  Euler.  Laplace,  in  1787,  showed  that  this 
inequality  arose  from  the  circunistance  that  two  of 
Saturn's  years  are  very  nearly  equal  to  five  of  Jupiter's. 

The  problems  relating  to  Jupiter's  SateUitee,  were 
found  to  be  even  more  complex  than  those  which  refer 
to  the  planets;  for  it  was  necessary  to  consider  each 
satellite  as  disturbed  by  the  other  three  at  once;  and 
thus  there  occurred  the  Problem  of  Five  Bodies.  This 
problem  was  i-esolved  by  Lagrange.^ 

Again,  the  newly-discovered  MnaU  Planets,  Jmw, 
Ceres,  Vesta,  Pallas,  whoso  orbits  almost  coincide  with 
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etich  other,  and  are  more  inclined  and  moi-e  ecaentrio 
thftn  tboae  of  the  ancient  planets,  give  rise,  by  their 
perturbations,  to  new  forimi  of  the  problem,  and 
reqviire  new  artifices. 

In  the  oourae  of  these  researches  resfiecting  Jupiter, 
Lagrange  and  Laplat:e  were  led  to  consider  paiiioiilarly 
the  secular  Inequaiitieg  of  the  solar  system;  that  ia, 
those  inequalities  in  which  the  duration  of  the  cycle 
of  change  embraces  very  many  revoiutions  of  the 
bodies  themselves.  Euler  in  1749,  and  1755,  and 
Lagrange,*  in  1766,  had  introduced  the  method  of  the 
Yarialion  of  the  Elemertta  of  the  orbit ;  which  coneista 
in  tracing  the  effect  of  the  perturbing  forces,  not  aa 
directly  altering  the  place  of  the  planet,  but  aa  pra-  1 
dueing  a  change  from  one  instant  to  another,  in 
dimensions  and  position  of  the  Elliptical  orbit  wbioh  ' 
the  planet  describes.^  Taking  this  view,  he  doterminea 
the  Bocnlar  ehaogea  of  each  of  the  deTmnla,  or  deter- 
mining quantities  of  the  orbit.  In  1773,  Laplace  also 
attacked  this  subject  of  secular  changes,  and  obtained 
s  for  them.     On  this  occaaion,he  proved  the 
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1  proposition  that,  '  the  mean  motious  of  the 
planets  are  invariable ;'  that  is,  that  there  is,  in  the 
revolutions  of  the  syatera,  no  progressive  change  wliieh 
is  not  flnaJly  stopped  and  reversed ;  no  increase,  which 
is  not,  after  some  period,  changed  into  decrease;  no 
retardation  which  is  not  at  last  succeeded  hj  accelera- 
tion; although,  in  some  cases,  miUiona  of  years  may 
elapse  before  the  aysfceui  reaches  the  turning  point, 
Thomas  Simpson  noticed  the  same  consequence  of  the 
laws  of  universal  attraction.  In  1774  and  1776, 
Lagrange'  still  laboured  at  the  secular  equati 
estenduig  his  researches  to  the  nodes  and  inclinations . 
and  showed  that  the  invariability  of  the  mean  motions 
of  the  planets,  which  Laplace  had  proved,  neglecting 
the  fourth  powers  of  the  eccentricities  and  inclinations 
of  the  orbits,'  was  true,  however  far  the  approximation 
was  carried,  so  long  as  the  squares  of  the  disturbing 
masses  were  neglected.  He  srfterwards  improved  his 
methods ;S  and,  in  1783,  he  endeavoured  to  extend  the 
calculation  of  the  changes  of  the  elements  to  the 
periodical  equations,  as  vfell  as  the  secular. 

8.  Micanique  Celeste,  ifcc— -r.aplace  also  reaumed  the 
consideration  of  the  secular  changes;  and,  finally,  tm- 
dertook  his  vast  work,  the  Mecanique  CUegle,  which  he 
intended  to  contain  a.  complete  view  of  the  existing 
state  of  this  splendid  department  of  science.  We  may 
Bee,  in  the  exultation  'which  the  author  obviously  feels 
at  the  thought  of  erecting  this  monument  of  hia  age, 
the  enthusiasm  which  had  been  excited  by  the  splendid 
course  of  mathematical  successes  of  which  I  have  given 
a  sketch.  The  two  first  volumes  of  this  great  work 
appeared  in  1799.  The  third  and  fourth  volumeB  v 
published  in  1802  and  1805  respectively.  Since 
publication,  little  has  been  added  to  the  solution  of 
great  problems  of  which  it  treats.  In  1808,  Lapl 
presented  to  the  French  Bureau  dea  Longitudes,  tf 
Supplement  to  the  Micanique  Celeste;  the  object  c^, 
which  was  to  improve  still  further  the  mode  of  obtain-) 
ing  the  secular  variations  of  the  elements.     ~ 
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and  lAgrange  proved  the  invariability  of  the  major 
axes  of  the  or^ta,  as  far  as  the  second  order  of  the 
perturbing  forces.  VarioQS  other  authors  have  gince 
laboured  at  this  sabject.  Burckhardt,  in  1808,  ex- 
tended the  pertorbing  fimction  as  tar  as  the  sixth  order 
oftfaeeocentricilies.  CUdbs,  Hansen,  and  Beasel,  Ivory, 
MU.  Lubbock,  Plana,  Fontvcoalant,  and  Airy,  have, 
at  diSerent  periods  up  to  the  present  time,  either  ex- 
tended oriilostrated  some  particular  part  of  the  theory, 
or  applied  it  to  special  casM ;  as  in  the  instnnce  of  Pro- 
fe^or  Aiir's  calculation  of  an  inequality  of  Venus  and 
the  eai-th,  of  which  the  period  is  240  yeai-s.  The 
approximation  of  the  Moon's  motions  has  been  pushed 
to  an  almost  incredible  extent  by  M-  Dan)ois«aii,  and, 
finally,  Plana  has  once  more  attempted  to  prtsent,  in  a 
single  work  (three  tiiick  quarto  volumes),  all  that  has 
hitherto  been  executed  with  regard  to  the  theory  of 
the  Moon. 

I  give  only  the  leading  points  of  the  progT^ss  of 
analytical  dynamics.  Hence  I  have  not  spoken  in 
det^  of  the  theory  of  the  Satellites  of  J  upiter,  a  sub- 
ject on  which  Lagrange  gained  a  prize  for  a  niemoir, 
in  1766,  and  in  which  Laplace  discovered  some  most 
curious  properties  in  1784.  Still  less  have  I  refeiTed 
to  tbe  purely  s]jeculative  question  of  Tauiochronom 
Curves  in  a  resisting  medium,  though  it  was  a  subject 
of  the  labours  of  Bernoulli,  Euler,  Fontaine,  D'Alem- 
bert,  lagrange,  and  Laplace.  The  reader  will  rightly 
suppose  that  many  other  curious  investigations  are 
paissed  over  in  utter  silence. 

[and  Ed.]  [Although  the  analytical  calculations 
of  the  great  mathematiciana  of  tho  last  century  had 
determined,  in  0,  demonsti'ative  manner,  a  vast  seriea 
of  inequalities  to  which  the  motions  of  the  sun,  moon, 
and  planets,  were  subject  in  virtue  of  their  mutual 
attraction,  there  were  stilt  uuaatis factory  points  iu 
the  Bolntions  thus  given  of  the  great  mechanical 
problems  suggested  by  the  System  of  the  Universe. 
One  of  these  points  was  tlie  want  of  any  evident 
mechanicaJ  slgniScuace  ht  the  successive  meiiAjeTa  ol 
theao  seriea.     Lindenau  reiates  that  Lagrange,  Cieai  t\\a 
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end  of  tis  life,  expressed  his  sorrow  that  the  metlioJa 
of  approximatiou  employed  in  Physical  Astronomy 
reat^  on  arbitrary  processes,  and  not  on  any  insight 
into  the  results  of  mechanical  action.  But  something 
was  Bubsequont!y  done  to  remoTe  the  ground  of  this 
complaint.  In  1818,  Gauss  pointed  out  that  aecukr 
equations  may  he  conceived  to  result  from  the  disturb- 
ing body  being  diatributed  along  its  orbit  so  as  to 
form  a  ring,  and  thus  made  the  result  conceivable 
more  distinctly  than  as  a  mere  result  of  calculation. 
And  it  appears  to  me  that  Professor  Airy'a  treatise 
entitled  GraviiaCion,  pwblislied  at  Cambridge  in  1834, 
ia  of  great  value  in  supplying  similar  modes  of  concep- 
tion with  regard  to  the  mechanical  origin  of  many  of 
the  principal  inequalities  of  the  solar  system. 

Bessel  in  1824,  and  Hansen  in  1828,  published  worl 
which  are  considered  as  belonging,  along  with  those 
Gauss,  to  a  new  Era  in  physical  astronomy.*     Gin 
Theoria  Motuum  Corporum  GelesttuTn,  which  had 
lande's  medal  assigned  to  it  by  the  French  Institnt^' 
had  already  (1810)  resolved  all  problems  concerning 
the  determination  of  the  place  of  a  pianet  or  comet  in 
its  orbit  in  function  of  the  elements.     The  value  of 
Hansen's  labours  respecting  the  Perturbations  of  the 
Planets  was  recognized  by  the  Astronomical  Society  of 
London,  which  awarded  to  them  its  gold  medal. 

The  investigations  of  M.  Damoiseau,  and  of  MM. 
Plana  and  Carlini,  on  the  Problem  of  the  Lnnar  Theory, 
followed  nearly  the  sa.me  coui-se  as  those  of  their  pre- 
decessors. In  tliese,  as  in  the  Mecanique  Celeste,  and 
in  preceding  works  on  the  same  subject,  the  Moou'a 
co-ordinates  (time,  radius  vector  and  latitude) 
CKpreased  in  function  of  her  true  longitude.  The 
grations  were  effected  in  series,  and  then  by  reverait 
of  the  series,  the  longitude  was  expressed  in  function 
of  the  time;  and  then  in  the  same  manner  the  other 
two  co-ordinates.  But  Sir  John  Lubbock  and  M.  Pont- 
£coulaut  have  made  the  mean  longitude  of  the  moon. 
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that  is,  the  time,  the  independent  variable,  and  have 
expressed  the  moon's  co-ordina.tes  in  t«rma  of  aiuea  and 
cosines  of  angles  increasing  proportionally  to  the  time. 
And  this  method  baa  been  adopted  by  M.  Foiason 
(ifein.  InH.  xiii.  1835,  p.  ziz).  M.  Dttmoiseau,  like 
laplftce  and  Clairaut,  has  dedaced  the  successive  coeffi- 
cients of  the  liinar  inequalities  by  numerical  equations. 
But  M.  Plana  espresBea  explicitly  each  coefficient  in 
genei'al  terms  of  the  letters  expressing  the  constants  of 
the  problem,  arranging  them  according  to  the  order  of 
the  quantities,  and  Eul>Htitutiiig  numbers  at  the  end 
of  the  operation  only.  By  attending  to  this  arrange- 
ment, MM.  Lubbock  and  Font€coulant  have  verified 
or  corrected  a  large  portion  of  the  terms  contained  in 
the  iuvestigutions  of  MU.  Damoiseau  and  Plana.  Sir 
John  Lubbock  has  calculated  the  polar  co-ordinates  of 
the  Moon  directly;  M.  Poisaon,  on  the  other  band,  has 
obtained  the  vaiiable  elliptical  elements;  M.  Pont- 
^ulant  conceives  that  the  method  of  variation  of  arbi- 
trary Constanta  may  most  conveniently  \ia  reserved  for 
secular  inequalities  and  inequalities  of  long  periods, 

MM.  Lubbock  and  PontSooulant  have  made  the 
mode  of  treating  the  Lunar  Theory  and  the  Planetary 
Theory  agree  with  each  other,  instead  of  following  two 
different  paths  in  the  calculation  of  the  two  pi'oblema, 
which  had  previously  been  done. 

Prof.  Hansen,  also,  in  his  Funda-menta  Nova  Invee- 
tigalionia  Orhilee  verce  quam,  Luiia  perlustrat  (Gothre, 
1838)  gives  a  general  method,  including  the  Lunar 
Theoiy  and  the  Planetary  Theory  as  two  special  cases. 
To  this  is  annexed  a  solution  of  the  Problem  of  Four 
Bodies. 

I  am  here  speaking  of  the  Lunar  and  Planetary 
Theories  as  Mechanical  Problems  ouly.  Connected 
with  this  subject,  I  will  not  omit  to  notice  a  very 
general  and  beautifid  method  of  solving  problems 
respecting  the  motion  of  systems  of  mutually  attiuct- 
ing  bodies,  given  by  Sir  W.  R.  Hamilton,  in  the  Phi- 
l09Opkieal  Trimvuiwna  for  1834—5,  {'On  a  General 
Method  in  Dvnamica. ')  His  method  consiista  \ii  mvwa- 
tigating  the  J'rincijml  Function  of  the  co-oidiasAea  0*^ 
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tlie  liodiea:  tLis  fiiBotion  being  one,  by  the  differentia- 
tion of  which,  the  co-ordinato3  of  the  bodies  of  the  sys- 
tem may  be  found.  Moreover,  an  approximate  value  of 
this  function  buing  obtained,  the  same  formulse  nupply 
a.  means  of  successive  fupproximation  withont  limit,] 

9.  PrecMaion.    Motion  of  Rigid  Bodies. — The 
of  investigationa  of  which  I   have  spoken,  ext 
and  complex  as  it  is,  treats  the  moving  bodies  aa  point 
only,  and  takes  no  account  of  any  peculiarity  of  th<' 
form  or  motion  of  their  parts.     The  investigation 
the  motion  of  a  body  of  any  magnitude  and  form, 
another  branch  of  analytical  mechanics,  which 
deserves  notice.     Lika  the  former  branch,  it 
owed  its  cultivation  to  the  problems  suggested  by 
solar  system.     Newton,  as  we  have  seen,  endeavom 
to  calculate  the  effect  of  the  attraction  of  the 
moon  in  producing  the  precession  of  the  equinoxes^ 
in   doing  this  he   made  some    mistakes.     In    i^ 
D'AIembert  solved   this  problem  by  the   aid    of 
'  Principle  j'  and  it  was  not  difficult  for  him  to  show^ 
as  he  did  in  bis  Opuscules,  in  1761,  that  the  san 
method  enabled  him  to  determine  the  motion  of 
body  of  any  ligtire  acted  upon  by  any  forces.     But,  1 
the  reader  will  have   observed  in  the  course  of  this, 
narrative,   the    great    mathematicians   of  this   periad< 
were  always  nearly  abreast  of  eiwh  other  in  theip" 
advances. — Euler,'"  in  the  mean  time,  had  published, 
in  1751,  a  solution  of  the  problem  of  the  precession; 
and  in  1752,  a  memoir  which  he  entitled,  JKscovery  of 
a  Neus  Prirtciple  of  Afeclumics,  and  which  contains  a 
solution  of  tlie  general  problem  of  the  alteration  of 
rotary  motion  by  forces.     D'Alembert  noticed  with 
disapprobation  the  aaaumption  of  priority  which  this 
title  implied,  though  allowing  the  merit  of  the  memoir. 
Various  improvement*  were  made  in  these  solutions; 
but  the  final  form  was  given  them  by  Euler;  and  they 
were  applied   to  a  great  variety   of  problems  in  his 
Theory  of  the  Motion  of  Solid  and  Rigid  Bodies,  which 
was  written^'   about    1760J  and  published  in   1765"- 
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Vibnnulce  in  this  work  were  much  siioplified  by  the 
e  of  a  discovery  of  Segner,  that  every  body  haa  three 
axes  which  were  called  Principal  Axes,  about  which 
alone  (in  general)  it  would  permanently  revolve.  The 
equations  which  Euler  and  other  writers  had  obtained, 
were  attacked  as  erroneous  by  Landen  in  the  Philoso- 
phical Transactions  for  1785;  hut  I  think  it  is  impos- 
sible to  oonaider  this  criticiam  otherwiae  than  as  an 
example  of  the  inability  of  the  English  mathematiciauit 
of  that  period  to  take  a  steady  hold  of  the  analytical 
generalizations  to  which  the  great  Continental  authors 
had  be«n  led.  Perhaps  one  of  the  most  remarkable 
calculations  of  the  motion  of  a  rigid  body  is  that  which 
Lagrange  pertbrmed  with  regaid  to  the  Moons  Libra- 
tion;  and  by  which  he  showed  that  the  Nodes  of  the 
Moon's  Equator  and  those  of  her  Orbit  must  always 
coincide. 

10,  Vibrating  Stringt.~--Oihm:  mechanical  questions, 
nnconsected  with  astronomy,  were  also  pursued  with 
great  zeal  and  success.  Among  these  was  the  problem 
of  a  vibrating  string,  stretched  between  two  fixed 
points.  There  is  not  much  complexity  in  the  me- 
chanical conceptions  which  belong  to  this  case,  but 
considerable  difficulty  in  reducing  them  to  analysis. 
Taylor,  in  his  Sfet/iod  o/'/«cre7««nte,  published  in  1716, 
Iiad  annexed  to  his  work  a  solution  of  this  problem; 
obtained  on  suppositions,  limited  indeed,  but  appa- 
rently  conformable  to  the  most  common  circumataiicea 
of  practice,  John  Bernoulli,  in  1728,  had  also  treated 
the  same  problem.  But  it  assumed  an  interest  alto- 
gether new,  when,  in  1747,  D'Alembert  published  his 
views  on  the  subject;  in  which  he  maintained  that, 
instead  of  one  kind  of  curve  only,  there  were  an  infi- 
nite numbei'  of  different  curves,  which  answered  the 
oonditions  of  the  question.  The  problem,  thus  put 
forward  by  one  great  mathematician,  was,  as  usual, 
taken  np  by  the  otliers,  whose  names  the  reader  is 
now  so  familiar  with  in  such  an  association.  In  1748, 
Ealer  not  only  assented  t<»  the  generalization  of 
D'Alembert,  but  held  that  it  was  not  necessary  thaX 
introduced  should   be  defined  A>y  any 
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algebraical  condition  whatever.  From  this  extreme  n 
indeterminateneaa  D'Alembert  dissented;  while  Daniel 
Bernoulli,  trusting  more  to  physical  and  less  to  ani- 
lytical  reaaonings,  maintained  that  both  these  gene- 
ralizations were  inapplicable  in  &ct,  and  that  the 
solution  was  really  restricted,  as  had  at  first  been 
Buppoaed,  to  the  form  of  the  trochoid,  and  to  other 
forms  derivable  from  that.  He  introduced,  in  Huch 
probleniB,  the  'Law  of  Coexistent  VibrationB,'  which 
is  of  eminent  use  in  enabling  ns  to  conceive  the  results 
of  complex  mechanical  conditions,  and  the  real  impart 
of  many  analytical  expressions.  In  the  mean  time, 
the  wondeiful  analytical  genius  of  Lagrange  had 
applied  itself  to  this  problem.  He  had  formed  the 
Academy  of  Turin,  in  conjunction  with  his  frienda 
Saluces  and  Cigna;  and  the  first  memoir  in  their 
Transactions  was  one  l)y  him  on  this  subject :  in  this 
and  in  subsequent  writings  he  has  established,  to  the 
satisfaction  of  the  mathematical  world,  that  the  fuuc- 
tiona  introduced  in  such  cases  are  not  uece^arily 
continuous,  but  are  arbitrary  to  the  some  degree  that 
the  motion  is  so  practically ;  though  capable  of  expres- 
sion by  a  seiies  of  circular  functions.  This  contro- 
versy, concerning  the  degree  of  lawlessness  with  which 
the  conditions  of  the  solution  may  be  assumed,  is  of 
consequence,  not  only  "with  respect  to  vibrating  strings, 
hut  also  with  respect  to  many  problems,  belonging  to 
a  branch  of  MechanioB  which  we  now  have  to  mention, 
the  Doctrine  of  fluids. 

II.  EqvilUbnum  of  Fluids.— F'tgitre  of  the  Earth.— 
Tides. — The  application  of  the  general  doctrines  of 
Mechanics  to  fluids  was  a  natural  and  inevitable  step, 
when  the  principles  of  the  science  had  been  generalized. 
It  was  easily  seen  that  a  fluid  is,  for  tlus  purpose, 
nothingmore  than  a  body  of  which  the  parte  are  move- 
able amongst  each  other  with  entire  facility;  and  that 
the  mathematician  must  trace  the  consequence-a  of  this 
condition  upon  his  equations.  This  accordingly  was 
done,  by  the  founders,  of  mechanics,  both  for  the  cases 
of  tie  equilibrium  and  of -motion.  'Se'w^on'aB.ttetn.^tt^* 
su/ve  tiie  problem  of  the  jigure  o/  the  tank,  ea^^i^sm^. 
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it  fiuid,  u  the  first  example  of  such  an  inTestigatiou  : 
and  this  solution  rested  upon  priucipleit  which  we  liave 
already  explained,  applied  with  the  skill  and  sagacity 
which  dtBtinguished  all  that  Newton  did. 

We  have  already  seen  how  the  generality  of  the 
principle,  that  fluids  press  equaJly  in  all  directions,  was 
eetablislied.  In  applying  it  to  calculation,  Newton 
took  for  his  fundaraeutal  principle,  the  equal  weight 
of  columns  of  the  fluid  reaching  to  the  center;  Huy- 
ghens  took,  as  his  hasis,  the  perpendicularity  of  the 
resulting  force  at  each  paint  to  the  surface  of  the  fluid ; 
Bougaer  conceived  that  both  principles  were  necessary ; 
and  Clairaut  showed  that  the  equilibrium  of  all  canals 
is  requisite.  He  also  was  the  first  mathematician  who 
deduced  from  this  principle  the  Equations  of  Partial 
Diil'erentials  by  which  these  laws  are  expressed ;  a  step 
whieh,  as  Lagrange  saya.^"  changed  the  face  of  Hyriro- 
fltatics,  and  made  it  a  new  science.  Euler  simplified 
the  mode  of  obtaining  the  Equations  of  Equilibrium 
for  any  forces  whatever;  and  put  thom  in  the  form 
which  is  now  generally  adopted  in  our  treatises. 

The  explanation  of  the  Tidea,  in  the  way  in  which 
Newton  attempted  it  in  the  third  book  of  the  Prin- 
npia,  is  another  example  of  a  hydrostatical  investiga- 
tion ;  for  he  considered  only  tlie  form  that  the  ocean 
would  have  if  it  were  at  rest.  The  memoirs  of  Mac- 
laurin,  Daniel  Bernoulli,  and  Euler,  on  the  question 
of  the  Tides,  which  shared  amoog  them  the  prize  of  the 
Academy  of  Sciences  in  1740,  went  upon  tho  same 
views. 

The  Treatise  of  t/ie  Firpere  of  tli£  Earth,  by  Clairaut, 
in  1743,  extended  Newton's  solution  of  the  same  pro- 
blem, by  supposing  a  solid  nueleus  covered  with  a  fluid 
of  diSerent  density.  No  peculiar  novelty  has  been 
introduced  into  this  subject,  except  a  method  employed 
by  Laplace  for  detei'mining  the  attractions  of  spheroids 
of  small  eccentricity,  which  is,  as  Professor  Airy  haa 
said,'^  '  a  calculus  the  most  singular  in  its  nature,  and 
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the   most  powerful  in  i 
yet  appeared.' 

la.  Capiila/ry  Action. — There  is  only  one 
blem  of  the  statics  of  fluids,  on  which  it  is 
to  say  a  word, — the  doctrine  of  Capillary  Atti-action.  _ 
Daniel  Bernoulli,^*  in  1738,  states  that  he  passes  o 
the  subject,  because  he  could  not  reduce  the  facts  it 
general  laws:  but  Clairaut  v 
Laplace  and  Poisaon  have  sines  given  great  analyt 
completeness  to  his  theory.     At  present  our  bnaiac 
is,  not  so  much  with  the  sufficiency  of  the  theory  ^ 
explain  phenomena,  b&  with  the  mechanical  j 
of  which  this  is  an  example,  which  is  one  of 
remarkable  and  important  character;  namely,  to  deta 
mine  the  effect  of  attractions  which  are  exercised  \ 
all  the  particles  of  bodies,  on  the  hypothesis  that  tj 
attraction  of  each  particle,  though  sensible  whan  it 
acts  upon  another  particle  at  an  extremely  small  dis- 
tance from  it,  becomes   insensible  and  vanishes  the 
moment  this  distance  assumes  a  perceptible  magni- 
tude.    It  may  easily  be  imagined  that  the  analysis  by 
which  results  are  obtained  under  conditions  so  general 
and  so  peculiar,  is  curious  and  abstract;  the  problem 
has  been  resolved  in  some  very  extensive  canoa. 

13,  Motion  of  Fluids. — The  only  branch  of  mathe- 
matical mechanics  which  remains  to  be  considered,  is 
that  which  is,  we  may  venture  to  say,  hitherto  incom- 
parably the  most  incomplete  of  all, — Hydrodynamics. 
It  may  easily  be  imagined  that  the  mere  hypothesis  of 
absolute  relative  mobility  in  the  parts,  combined  with 
the  laws  of  motion  and  nothing  more,  are  conditions 
too  vagne  and  general  to  lead  to  definite  concluaionB. 
Yet  such  are  the  conditions  of  the  problems  which 
relate  to  the  motion  of  fluids.  Accordingly,  the  mode 
of  solving  them  has  been,  to  introduce  certain  other 
hypotheses,  often  acknowledged  to  be  false,  and  oUnost 
always  in  some  measure  arbitrary,  which  may  assist  in 
determining  and  obtaining  the  solution.  The  Velocity 
of  a  fluid  ifisning  from  an  oriflce  in  a  vessel,  and  thA( 
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B«aistance  vbicfa  a  solid  body  suffers  in  rngving  iu 
a  fluid,  have  been  the  two  main  problema  en  which 
mathematicians  have  employed  themselves.  We  have 
already  spoken  of  the  manner  ia  which  Newton 
attacked  both  these,  and  endeavoured  to  connect  them. 
The  anbject  became  a  branch  of  Analytical  Mechanics 
by  the  labours  of  D.  Bernoulli,  whose  Hydrodynamiea, 
was  published  in  1738.  This  work  rests  upon,  the 
Huyghenian  principle  of  which  we  have  already  spoken 
in  the  liistory  of  the  center  of  oscillation ;  namely,  the 
equality  of  the  ai^ital  descent  of  the  ])articlea  and  the 
potential  ascent;  or,  in  other  words,  the  conservation  of 
w  viva.  This  was  the  first  analytical  treatise;  and 
Uie  aoalyffls  is  declared  by  Lagrange  to-  be  aa  elegant 
in  its  steps  as  it  is  simple  in  its  results.  Maclaurin 
also  treated  the  subject;  but  is  accused  of  reasoning 
in  Buoh  a  way  as  to  show  that  he  had  determined 
upon  his  result  beforehand;  anii  the  method  of  John 
Bernoulli,  who  likewise  wrote  upon  it,  has  been 
strongly  objected  to  by  D'AlemberL  D'Alembert  him- 
self applied  the  principle  which  bears  his  name  to 
this  subject;  publishing  a  Treaiite  an  the  BquUibnuin. 
and  Motion  'if  Fluids  in  1744,  and  on  the  Resislance 
0/ Fluids  in  1753.  His  mjiexiom  sur  la  Cause  Gene- 
rale  des  Vents,  printed  in  1747,  are  also  a  celebi-ated 
work,  belonging  to  this  part  of  mathematics.  Euler, 
in  this  as  in  other  cases,  was  one  of  those  who  most 
contributed  to  give  analytical  elegance  to  the  subject. 
In  addition  to  the  questions  which  have  been  men- 
tioned, he  and  Ijigrange  treated  the  problems  of  the 
small  vibrations  of  fluids,  both  inelastic  and  elastic; — - 
a  subject  which  leads,  like  the  question  of  vibrating 
strings,  to  some  subtle  and  abstruse  considerations 
oonceming  the  significations  of  the  int^rals  of  partial 
diflerential  equations.  Laplace  also  took  up  the  sub- 
ject of  waves  propagated  along  the  surface  of  water; 
and  deduced  a  very  celebrated  theory  of  the  tides,  in 
which  he  considered  the  ocean  to  be,  not  in  equili- 
brium, as  preceding  writers  Jiad  supposed,  but  agitated 
hjra  coastaat  series  of  undal&tiona,  produced  by  tbi; 
so/ar  and  Junar  forces.    The  difficulty  of  such  an  iavea- 
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tigation  may  be  juJged  of  from  this,  that  I«place,  in 
order  to  carry  it  on,  is  obliged  to  HBHurae  b.  inechauical 
proposition,  unproved,  and  only  conjectured  to  be  true  J 
namely,'*  that,  'in  a  Bystem  of  bodies  acted  upon  by 
forces  which  are  periodical,  the  state  of  the  system  is 
periodical  like  the  forces.'  Even  with  this  assumption, 
various  other  arbitrary  processes  are  requisite;  and  it 
appeal's  still  very  doubtful  whether  Laplace's  theory  ii 
either  a  better  mechanical  solution  of  the  problem,  ve 
a.  nearer  approximation  to  the  laws  of  the  phenome 
than  that  obtained  by  D,  Bernoulli,  following  ' 
■views  of  Newton. 

In  most  cases,  the  solutions  of  problems  of  hydrody- 
namics are  not  satisfactorily  confirmed  by  the  results 
of  observation.     Poisson  and  Oauchy  have  prosecuted 
the  subject  of  waves,  and  have  deduced  very  ourious 
conclusions  by  a  veiy  recondite  and  profound  onalya* 
The  assumptions  of  the  mathematician  here  do  X 
represent  the  conditions  of  nature;  therulesof  theo  ^_ 
therefore,  are  not  a  good  Btand.>trd  to  which  we  m^  ■' 
refer  the  aberrations  of  particular  cases;  and  the  laws 
which  we  obtain  from  experiment  are  very  imperfectly 
illustrated  by  A  priori  calculation.     The  case  of  this 
department  of  knowledge,    Hydrodynamics,   is  TBiyii'J 
peculiar;  we  have  reached  the  highest  point  cf  tHB 
science, — the  laws   of  extreme  simplicity  and  gaMjB 
raJity  from  which  the  phenomena  flow;  we  oannffti 
doubt  that  the   ultimate   principles  which   we   have 
obtained  are  the  true  ones,  and  those  which  really 
apply  to  the  facts;  and  yet  we  are  far  from,  being  able 
to  apply  the  principles  to  explain  or  find  uut  the  tacts. 
In  order  to  do  this,  we  want,  in  addition  to  what  we 
have,  tme  and  useful  principles,  intermediate  between 
the  highest  and  the  lowest; — between  the  extreme  and 
almost  ban'en  generality  of  the  laws  of  motion,  and  the 
endless  varieties  and  inextricable  complexity  of  fluid 
motions  in  special  caaes.    The  reason  of  this  peculiarity 
in  the  science  of  Hydrodynamics  appears  to  be,  that  itt 
general  principles  were  not  discovered  with  referenw 
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to  the  science  itadf,  but  by  extension  from  the  aiater 
science  of  the  Mechanics  of  Soiida;  they  were  not 
obtained  by  ascending  gradually  fram  particulars  to 
traths  more  Find  more  general,  respecting  the  motions 
of  fluids;  bnt  were  caught  at  once,  by  a  perception 
that  the  parta  of  fluids  are  included  in  that  range  of 
generality  which  we  are  entitled  to  give  to  the  supreme 
laws  of  motions  of  solids.  Thus,  Solid  Dynamics  and 
Fluid  Dynamics  resemble  two  edifioea  which  have  their 
highest  apartment  in  common,  and  though  we  can  ex- 
plore every  part  of  the  former  bitilding,  we  have  not 
yet  succeeded  in  traversing  the  etaircAse  of  the  latter, 
either  from  the  top  or  from  the  bottom.  If  we  had 
lived  in  a  world  in  which  there  were  no  solid  bodies, 
we  should  probably  not  yet  have  discovered  the  laws 
of  motion;  if  we  had  lived  in  a  world  in  which  there 
were  110  fluids,  we  should  have  no  idea  how  insufficient 
a  complete  possession  of  the  geueiul  laws  of  motion 
may  be,  to  give  ns  a  true  knowledge  of  particular 

14.  FarwMtS  Getieral  Mechamcal  Principles. — The 
generalized  laws  of  motion,  the  points  to  which  I  have 
endeavoured  to  conduct  my  histoiy,  inclnde  in  them 
all  other  laws  by  which  the  motions  of  bodies  can  be 
r^ulated;  and  among  such,  several  laws  which  had 
been  discovered  before  the  highest  point  of  generaliza- 
tion was  reached,  and  which  thus  served  as  stepping- 
stones  to  the  ultimate  principl  es.  Such  were,  as  we 
have  seen,  the  Principles  of  the  Conservation  of  vis 
viva,  the  Principle  of  the  Conservation  of  the  Motion  of 
the  Center  of  Gravity,  and  the  like.  These  principles 
may,  of  course  be  deduced  from  our  elementary  laws, 
and  were  finally  established  by  mathematicians  on  that 
footing.  There  are  other  principles  which  may  be 
similarly  demonstrated;  among  the  rest,  I  may  men- 
tion the  Priniaple  of  the  Cvngervation  of  areas,  which 
extends  to  any  number  of  bodies  a  law  analogous  to 
that  which  Kepler  had  observed,  and  Newton  demon- 
strated, respecting  the  areas  described  by  each  p\s.iiet 
roaati  the  sua.  I  may  mention  also,  the  Princi^Ve  oi 
He  Immo^ay  qfth^plaru  0/  rnaximim.  areas,  a,  ^^aaa 
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which  is  not  disturbed  by  any  mutual  action  of  the 
parts  of  any  aystem.  T!ie  former  of  theHo  principles 
wa«  publiahed  about  the  same  time  by  Euler,  D.  Ber- 
noulli, and  Darcy,  under  different  forms,  in  1^46  and 
1747;  the  latter  by  Laplace. 

To  these  may  be  added  a  law,  very  celebrated  in  its 
time,  and  the  occasion  of  an  angry  controversy,  th 
Frincipte  of  least  aeticn.  Maupertuis  conceived  that 
he  could  establiBh  i  priori,  by  theological  arguments, 
that  all  mechanical  changen  must  take  place  in  the 
■world  ao  as  to  occasion  the  least  possible  quantity  of 
action.  In  asserting  this,  it  was  proposed  to  measure 
the  Action  by  the  product  of  Velocity  and  Space; 
and  thia  measure  being  adopted,  the  mathematicians, 
though  they  did  not  generally  assent  to  Maupertuis' 
reasonings,  found  that  his  principle  expressed  a  remark- 
able and  useful  truth,  which  might  be  established  on 
known  mechanical  grounds. 

ig.  AnaXytiad  GeTierality.  Connexion  0/ Staliee  and 
Sj/namics.^-BeiQie  I  quit  this  subject,  it  is  important 
to  remark  the  peculiar  character  which  the  science  of 
Mechanics  has  now  assumed,  in  consequence  of  the 
extreme  analytical  generality  which  has  been  given 
it.  Symbols,  and  operations  upon  symbols,  include 
the  whole  of  the  reasoner's  task;  and  though  the  rela- 
tions of  space  are  the  leading  subjects  in  the  science, 
the  great  analytical  treatises  upon  it  do  not  con- 
tain a  single  diagram.  The  Mecaniqite  Analytiqae  of 
Lagrange,  of  which  the  first  edition  appeared  in  1788, 
is  by  far  the  most  consummate  example  of  this  analy- 
tical generality.  '  The  plan  of  this  work,'  says  the 
author,  '  is  entirely  new.  I  have  proposed  to  rayaelf 
to  reduce  the  whole  theory  of  this  science,  and  the  art 
of  resolving  the  problems  which  it  includes,  to  general 
formulte,  of  which  the  simple  developement  gives  all 
the  equations  necessary  for  the  solution  of  the  pro- 
blem.'— '  The  reader  will  find  no  figures  in  the  work. 
The  methods  which  I  deliver  do  not  require  either 
constructions,  or  geometrical  or  mechanical  reasonings; 
but  only  algebraical  operatvoua,  B\i\)jeiA  to  a.  iftgjJar 
and  uniform  rule  of  procceiiiDg.'     1\iMa  'C^iia  "wi^sai 
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makes  Mechanics  a  branch  of  Analysis;  instead  of 
making,  as  had  previously  been  done,  Analysis  an 
implement  of  Mechanics.  ^^  The  transcendent  gene- 
lalizing  genius  of  Lagrange,  and  his  matchless  analy- 
tical skill  and  elegance,  have  made  this  undertaking  as 
successful  as  it  is  striking. 

The  mathematical  reader  is  aware  that  the  language 
of  mathematical  symbols  is,  in  its  nature,  more  general 
than  the  language  of  words;  and  that  in  this  way 
truths,  translated  into  symbols,  often  suggest  their  own 
generalizations.  Something  of  this  kind  has  happened 
in  Mechanics.  The  same  Formula  expresses  the  gene- 
ral condition  of  Statics  and  that  of  Dynamics.  The 
tendency  to  generalization  which  is  thus  introduced  by 
Analysis,  makes  mathematicians  unwilliDg  to  acknow- 
ledge a  plurality  of  Mechanical  i)rinciples ;  and  in  the 
most  recent  analytical  treatises  on  the  subject,  all  the 
doctrines  are  deduced  from  the  single  Law  of  Inertia. 
Indeed,  if  we  identify  Forces  with  the  Velocities  which 
produce  them,  and  allow  the  Composition  of  Forces  to 
be  applicable  to  force  so  understood,  it  is  easy  to  see 
that  we  can  reduce  the  Laws  of  Motion  to  the  Prin- 
ciples of  Statics;  and  this  conjunction,  though  it  may 
not  be  considered  as  philosophically  just,  is  verbally 
correct.  If  we  thus  multiply  or  extend  the  meanings 
of  the  term  Force,  we  make  our  elementary  principles 
simpler  and  fewer  than  before;  and  those  persons, 
therefore,  who  are  willing  to  assent  to  such  a  use  of 
^ords,  can  thus  obtain  an  additional  generalization  of 
dynamical  principles ;  and  this,  as  I  have  stated,  has  been 
adopted  in  several  recent  treatises.  I  shall  not  further 
discuss  here  how  ^r  this  is  a  real  advance  in  science. 

Having  thus  rapidly  gone  through  the  history  of 
Force  and  Attraction  in  the  abstract,  we  return  to  the 
attempt  to  interpret  the  phenomena  of  the  universe  by 
the  aid  of  these  abstractions  thus  established. 


1*  Lagrange  himself  terms  Me-  the  place  of  a  body  in  space,  the 

chanics,  *  An  Analytical  Geometry  time  enters  as  &  fourth  co-ordinate. 

of  four  dimensions.'     Besides  the  [Note  by  Littrow.] 
three  eo-crdiitaiet  wbicb  determine 
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But  before  we  do  so,  we  may  make  one  remark  on 
the  history  of  this  part  of  science.  In  consequence  of 
the  vast  career  into  which  the  Doctrine  of  Motion  has 
been  drawn  by  the  splendid  problems  proposed  to  it 
by  Astronomy,  the  origin  and  starting  point  of  Me- 
chanics, namely  Machines,  had  almost  been  lost  out 
of  sight.  Machines  had  become  the  smallest  part  of 
Mechanics,  as  Land-measuriTig  had  become  the  smallest 
part  of  Geometry.  Yet  the  application  of  Mathematics 
to  the  doctrine  of  Machines  has  led,  at  all  periods  of 
the  Science,  and  especially  in  our  own  time,  to  curious 
and  valuable  results.  Some  of  these  will  be  noticed  in 
the  Additions  to  this  volume. 
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DssoEKi)  from  heaven,  Urania,  by  that  name 

If  rightly  thou  art  called,  whose  voice  divine 

Following,  above  the  Olympian  hill  I  soar. 

Above  the  flight  of  Pegasean  wing. 

The  meaning,  not  the  name,  I  caU,  for  thou 

Nor  of  the  muses  nine,  nor  on  the  top 

Of  old  Olympus  dwell'st :  but  heavenly-bom, 

Before  the  hills  appeared,  or  fountain  flowed. 

Thou  with  Eternal  Wisdom  didst  converse, 

Wisdom,  thy  sister. 

Paradise  Lostf  B.  vii. 


CHAPTER  L 
Preltide  to  the  ISDucnvE  Epoch  of  Newton. 

WE  have  now  to  contemplate  the  kst  &ud  most 
Bpiendid  period  of  the  progress  of  Astronomy; 
— the  grand  completion  of  tlje  history  of  the  mast 
ancient  and  prosperous  province  of  human  knowledge ; 
— the  steps  which  elevated  this  science  to  an  umi vailed 
eminence  above  other  sciences  j — the  first  greH.t  example 
of  a  wide  and  complex  assemhlage  of  phenomena 
iadubitably  truced  to  their  single  simjile  cause; — in 
Bbort,  the  first  example  of  the  formation  of  a  perfect 
Inductive  Science. 

In  this,  as  in  other  considerable  advances  in  re-al 
science,  the  complete  disclosure  of  the  new  truths  by 
the  principal  discoverer,  was  preceded  by  movt-meuts 
and  glimpses,  by  trials,  seekings,  and  guessen  on  the 
part  of  others;  by  indications,  in  short,  that  men's 
minde  were  already  carried  by  their  intellectual 
impulHea  in  the  direction  in  which  the  truth  lay,  and 
were  Leginning  to  detect  its  nature.  In  a  case  so 
important  and  interesting  as  this,  it  is  more  peculiarly 
proper  to  give  some  view  of  thia  Prelude  to  the  Epoch 
of  the  full  discovery. 

{Francis  Bacon.)  That  Astronomy  should  become 
Physical  Astronomy, — that  the  motions  of  the  heavenly 
bodies  should  be  traced  to  their  causes,  as  well  aa 
reduced  to  rule, — was  felt  by  all  persons  of  active  and 
philosophical  minds  as  a  pressing  and  irresistible  need, 
at  the  time  of  which  we  speak.  We  have  ali-eady 
seen  how  much  this  feeling  had  to  do  in  impelling 
Kepler  to  the  train  of  laborious  research  by  which  he 
made  his  discoveries.  Perhaps  it  may  be  interesting 
to  point  out  how  strongly  this  pereuasiou  of  the  neces- 
sity of  giving  a  physical  character  to  astronomy,  had  I 
taken  possession  of  the  mind  of  Bacon,  'wto,\ookm^ 
at  the  progress  of  knowledge  with  a  more  comweVieTi-    ..  »  o 
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BiTB  spirit,  and  from  a  higher  point  of  view  than 
Kepler,  nould  havenoue  of  hia  astronomical  prejudices, 
sinoe  on  that  subject  he  was  of  a  different  school,  and 
of  far  inferior  knowledge.  In  hia  '  Description  of  the 
Intellectual  Globe,'  Bacon  says  tbat  while  Astronomy 
had,  up  to  that  time,  had  it  for  her  business,  to  inquire 
into  the  rules  of  the  heavenly  motions,  and  Philosophy 
into  their  cmses,  they  Lad  both  so  far  worked  without 
-  due  appreciation  of  their  respective  tasks  j  Philosophy 
neglecting  facts,  and  Astronomy  claiming  assent  to  her 
mathematical  hypotheses,  which  ought  to  be  considered 
as  mere  stepa  of  calculation.  '  Since,  therefore,'  he 
continues,'  'each  science  has  hitherto  been  a  slight  and 
ill-conatructed  thing,  we  must  asaui-edly  take  a  firmer 
stand;  our  ground  being,  that  these  two  subjects, 
which  on  account  of  the  narrowness  of  men's  views 
and  the  traditions  of  professors  have  been  bo  long 
dissevered,  are,  in  fact,  one  and  the  same  thing,  and 
compose  one  body  of  science.'  It  must  be  allowed  that, 
however  erroneous  might  be  the  points  of  Bacoa'a^ 
positive  astronomical  creed,  these  general  views  of 
nature  and  position  of  the  science  are  most  sound 
philosophical. 

{Kephr.)  In  hia  attempts  to  suggest  a  right  physii 
view  of  the  starry  heavens  and  their  relation 
enrth.  Bacon  ikiled,  along  with  all  the  writers 
time.  It  has  already  been  stated  that  the  main  cansA' 
of  this  failure  was  the  want  of  a  knowledge  of  the 
true  theory  of  motion ; — the  non-existence  of  the 
science  of  Dynamics.  At  tlie  time  of  Bacon  and 
Kepler,  it  was  only  just  beginning  to  be  possible  to 
reduce  the  heavenly  motions  to  the  laws  of  earthly 
motion,  because  the  latterwere  only  just  then  divulged. 
Accordingly,  we  have  seen  that  the  whole  of  Kepler's 
pliysical  speculations  proceed  upon  an  ignorance  of  the 
first  law  of  motion,  and  assume  it  to  be  the  main 
problem  of  the  physical  astronomer  to  assign  the  cause 
which  keepH  up  the  motions  of  the  planets.  Kepler's 
doctrine  i-t,  that  a  cert.ain  Force  or  Virtue  resides  in 
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the  sun,  hj  wfiid  all  bodies  "witliin  hts  influence  ara 
carried  roaod  him.  He  illustrates^  tlie  nature  of  this 
Virtne  in  vaHoos  wa3fa,  compAriog  it  lo  Ijghl,  and  to 
the  Magnetic  Power,  which  it  resembles  in  the  circimi- 
stanceB  of  operating  at  a  distance,  Emd  aiao  in  exercis- 
ing a  feebler  iufluence  as  the  distance  becomes  greater. 
But  it  was  obvious  that  these  comparisons  wet«  very 
imperfect;  ibr  they  do  not  esplaiu  how  the  sun  pro- 
duces in  a  body  at  a  distance  a  motion  athtcarl  the  Hue 
of  emanation;  and  though  Eepler  introduced  an  as- 
sumed rotation  of  the  sun  on  his  axis  as  the  cause  of 
this  effect,  that  such  a  cause  could  produce  the  result 
could  not  be  established  by  aiiy  analogy  of  terrestrial 
motions.  But  another  image  to  which  he  referred, 
suggested  a  much  more  substantial  and  conceivable 
kind  of  mechauical  action  by  which  the  celestial 
motions  might  be  produced,  namely,  a  current  of  fluid 
matter  circulating  round  the  suu,  and  carrying  the 
planet  with  it,  lilce  a  boat  in  a  stream.  In  the  Table 
of  Contents  of  the  work  on  the  planet  Mars,  the 
purport  of  the  chapter  to  which  I  hare  alluded  is 
stated  as  follows:  'A  physical  speculation,  in  which  it 
is  demonstrated  that  the  vehicle  of  that  Virtue  which 
urges  the  planets,  circulates  th  rough  the  spaces  of  the 
universe  after  the  manner  of  a  river  or  whirlpool 
(porfaa:),  moving  quicker  than  the  planets.'  I  thiuk  it 
will  be  found,  by  any  one  wlio  reads  Kepler's  phrases 
oonoeming  the  moving  force,- — -<Ae  magnUic  nature, — 
the  ivvmaterial  viTlue  of  the  sim,  that  they  convey  no 
distinct  conception,  escept  so  fur  as  they  are  interpreted 
by  the  expressions  just  quoted.  A  vortex  of  fluid 
constantly  whirling  round  the  sun,  kept  in  this  whirl- 
ing motion  by  the  rotation  of  the  sun  himself,  and 
carrying  the  planets  round  the  sun  by  its  revolution, 
aa  a  whirlpool  carries  straws,  could  be  readily  under- 
st4iod;  and  thongh  it  appears  to  have  been  held  by 
K^ler  that  this  current  am!  vortex  was  immaterial,  • 
be  ascribes  to  it  the  power  of  overcoming  the  inertia 
dies,  and  of  putting  them  and  keeping  them  ia 
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motioa,  the  only  matenEil  properties  with  which  h^t 
bad  anything  to  do.  Kepler'a  phjaioal  reaaomngi, 
theji^fore,  amount,  iu.  fact,  to  the  doctrine  of  Vorticea 
round  the  central  bodies,  and  are  occasionally  bo  stated 
by  himself ;  though  by  asserting  these  vortices  to  be 
'  an  immaterial  species,'  and  by  the  fickleness  and 
variety  of  hia  phraseology  on  the  subject,  he  leaves 
tliis  theory  in  some  confusion; — a  proceeding,  indeed, 
which  both  his  wast  of  sound  mechanical  conceptionH, 
and  hia  busy  and  inventive  fancy,  might  have  led  us 
to  expect.  Nor,  we  may  venture  to  say,  was  it  easy 
for  any  one  at  Kepler'a  time  to  devise  a  more  plaiudbla 
theory  than  the  theory  of  vortices  might  have  bem^ 
made.  It  was  only  with  the  formation  and  pro_ 
of  the  science  of  Mechanics  that  this  theory  beca 
untenable. 

{Detcartea.)  But  if  Kepler  might  be  excused,  ■ 
indeed  admired,  for  propounding  the  theory  of  Vorticea 
at  hia  time,  the  case  ^as  different  when  the  laws  of 
motion  had  been  fully  developed,  and  when  those  who 
knew  the  state  of  mechanical  science  ought  to  havfl  " 
learned  to  consider  the  motions  of  the  stars  aa  i 
mechanical  problem,  subject  to  the  same  conditionB  m 
other  mecbanical  problems,  and  capable  of  the  s 
exactness  of  solution.  And  there  was  an  especial 
inconsistency  iu  the  circumstance  of  the  Theory  of 
Vortices  being  put  forwards  by  Descartes,  who  pro- 
tended, or  was  asserted  by  his  admirers,  to  have  beea 
one  of  the  discoverers  of  the  trae  Laws  of  Motion.  It 
certainly  shows  both  great  conceit  and  great  shallow- 
ness, that  he  should  have  proclaimed  with  much  pomp 
this  crude  invention  of  the  ante-mechanical  period,  at 
the  time  when  the  best  mathematicians  of  Europe,  as 
Borelli  in  Italy,  Hooke  and  Wallia  in  England, 
Huyghens  in  Holland,  were  patiently  labouring  to 
bring  the  mechanical  problem  of  the  nniverse  into  its 
*  most  distinct  form,  in  order  that  it  might  be  solved  at 
last  and  for  ever. 

I  do  not  mean  to  assert  that  Descartes  borrowed  his 
doctrines  from  Kepler,  or  from  any  of  his  predeo 
for  the  theory  was  auffi.cient\y  q\)v\om&',  wii  e; 
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if  we  aoppose  the  inventor  to  seek  hia  suggeationa 
rather  in  the  casual  examples  offered  to  the  senae  than 
in  the  exact  laws  of  motion.  Nor  would  it  be  reaaoo- 
able  to  rob  this  philoaopher  of  that  credit,  of  the 
plausible  deduction  of  a  vast  syatera  from  apparently 
simple  priQciples,  which,  at  the  time,  was  ao  much 
admired;  and  which  undoubtedly  was  the  great  cause 
of  the  many  converta  to  hia  views.  At  the  name  time 
we  may  venture  to  say  that  a  aystem  of  doctrine  thus 
deduced  from  assumed  principles  by  a  long  chain  of 
reasoning,  and  not  I'erified  and  confirmed  at  every  step 
by  detailed  and  exact  facta,  Laa  hardly  a  chance  of 
containing  any  truth.  Descartes  said  that  he  ahould 
think  it  little  to  ahow  how  the  world  is  constructed, 
if  he  could  not  also  show  tlist  it  Tmist  of  necessity 
have  been  so  constructed.  The  more  modest  philo- 
aophy  which  has  survived  the  boastings  of  hia  school 
is  content  to  receive  all  its  knowledge  of  iacta  from 
experience,  and  never  dreams  of  interposing  its  per- 
emptory imtat  be  when  nature  is  ready  to  teU  ua 
what  ia.  The  d  priori  philosopher  haa,  liowever, 
always  a  strong  feeling  in  his  &vour  among  men. 
The  deductive  form  of  bis  speculations  gives  them 
something  of  the  charm  and  the  apparent  certainty  of 
pure  mathematics;  and  while  Le  avoids  that  laborious 
recurreikce  to  exf>erimentB,  and  measurea,  and  multi- 
plied observations,  which  is  irksome  and  distasteful  to 
those  who  are  irapattent  to  grow  wise  at  once,  every 
fiict  of  which  the  theory  appears  to  give  an  explana- 
tion, seems  to  be  an  imasked  and  almost  an  infallible 
witness  in  its  favour. 

My  business  with  Descartes  here  is  only  with  his 
physical  Theory  of  Vortices;  which,  great  as  was  its 
glory  at  one  time,  ia  now  utterly  extinguished.  It 
was  propounded  in  his  Frincipia  Philositp/iia,  iu  1644. 
In  order  to  arrive  at  this  theory,  he  begins,  as  might 
be  expected  of  him,  from  reasonings  sufficiently  gene- 
ral. He  lays  it  down  as  a  maxim,  in  the  first  aen- 
tence  of  hia  book,  that  a  person  who  seeks  for  truth 
must,  onee  in  bis  life,  (/oiilitof  all  that  he  moat  \>e\iB^eB. 
Conceiving  himself  tb  us  to  have  stripped  bimaeU  o5  sXi 


1 


IC4       HISTOHY  OF  PHYSICAL  ASTEONOmT. 

his  belief  on  all  aubjecta,  in  order  to  resume  that  part 
of  it  which  merits  to  be  retained,  he  begins  with  his 
celebrated  assertion,  '  I  think,  therefore,  I  am;'  whit' 
appears  to  him  a  certain  and  immoveable  principli 
means  of  which  he  ma.y  proceed  to  something  n 
Accordingly,  to  this  he-  soon  adds  the  idea,  and  hei 
the  oertaiu  existence,  of  God  and  his  perfections, 
then  asserts  it  to  be  also  manifest,  that  a  vacuu 
any  part  of  the  universe  is  impossible ;  the  whole  mui' 
be  filled  with  matter,  a.nd  the  mutter  must  be  divided 
into  equal  angular  parts,  this  being  the  most  simple, 
and  therefore  the  most  natural  sujiposition.'  This 
matter  being  in  motion,  the  parts  are  necesBarily 
ground  into  a  sphericaJ  form ;  and  the 
rubbed  off  {like  filings  or  sawdust)  form  a,  second 
more  subtle  matter.*  There  ia,  besides,  a  third 
of  matter,  of  parts  more  coarse  and  less  fitted 
motion.  The  first  matter  mukes  luminous  bodies, 
the  sun,  and  the  fixed  stars;  the  second  is  the  trai 
parent  substance  of  the  skies ;  the  third  is  the  matei 
of  opaque  bodies,  as  the  earth,  planets,  and  co 
We  may  suppose,  aJao,^  that  the  motions  of  these 
take  the  form  of  revolving  circular  currents,' 
vortices.  By  this  meaus,  the  first  matter  will  be  ool*< 
lected  to  the  center  of  each  vortex,  while  the  second, 
or  subtle  matter,  surrounds  it,  and,  by  its  centrifugal 
efibrt,  constitutes  light.  The  planets  are  carried  round 
the  sun  by  the  motion  of  his  vortex,^  each  planet, 
being  at  such  a  distance  from  the  sun  as  to  be  in 
part  of  the  vortex  suitable  to  its  solidity  and  mobilii 
The  motions  are  prevented  from  being  exactly  circnli 
and  regular  by  various  causes;  for  instance,  a  vortex 
may  be  pressed  into  an  oval  shape  by  contignoKS 
vortices.  The  satellites  are,  in  like  manner,  carried 
round  their  primary  planets  by  subordinate  vortices; 
whOe  the  comets  have  sometimes  the  liberty  of  gli 
out  of  one  vortex  into   the  one  next  contiguous. 
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thus  travelling  in  a  sjnuoua  course,  from  Byatem  to 
STstem,  through  the  universe. 

It  is  not  necessary  for  ua  to  speak  here  of  the  entire 
defideacy  of  this  system  in  mechanical  conaiatenty, 
and  in  a  correapondeDcy  to  obserration  in  details  and 
measures.  Its  general  reception  and  temporary  sway, 
in  some  instances  even  among  intelligent  men  and 
good  mathematicians,  are  the  most  remarkable  facts 
connected  with  it.  These  may  be  ascribed,  in  part,  to 
the  circumstance  that  philosophers  were  now  ready 
and  eager  for  a  physical  astronomy  commensurate  with 
the  existing  state  of  knowledge;  they  may  have  been 
owing  also,  in  some  measure,  to  the  character  and 
position  of  Descartes.  He  was  a  man  of  high  claims 
in  every  department  of  speculation,  and,  in  pure 
mathematics,  a  genuine  inventor  of  great  eminence ; — 
a  man  of  lamily  and  a  soldier  j — an  inoffensive  philo- 
sopher, attacked  and  peraecuted  for  his  opinions  with 
great  bigotry  and  fury,  by  a  Dutch  divine,  Voet; — 
the  &vourite  and  teacher  of  two  distinguished  prin- 
cesses, and,  it  is  said,  the  lover  of  one  of  them.  Thia 
was  Elizabeth,  the  daughter  of  the  Elector  Frederick, 
and  consequently  grand -daughter  of  our  James  the 
First  His  other  royal  disciple,  the  celebrated  Chris- 
tina of  Sweden,  showed  her  zeal  for  his  instructions 
by  appointing  the  hour  of  five  in  the  morning  for  their 
interviews.  This,  in  the  climate  of  Sweden,  and  in 
the  winter,  wa.t  too  severe  a  trial  for  the  constitution 
of  the  philosopher,  bom  in  the  sunny  valley  of  the 
Loire;  and,  after  a  short  residence  at  Stockholm,  he 
died  of  an  inflammation  of  the  chest  in  1650,  He 
always  kept  up  an  active  correspondence  with  his 
friend  Mersenne,  who  waa  called,  by  some  of  the  Pari- 
sians, 'the  Eesident  of  Deacartea  at  Paria;'  and  who 
informed  him  of  all  that  was  done  in  the  worid  of 
science.  It  is  said  that  he  at  first  sent  to  Mersenne 
an  account  of  a  system  of  the  nniverae  which  he  had 
devised,  which  went  on  the  assumption  of  a  vacuiroi ; 
Mersenne  informed  him  that  the  vacuum  waa  no  longtT 
ihe  &Bhicai  a,t  Parhj   upon   which  he  proceeded  \Kt 
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remodel  hia  system,  and  to  reestablish  it  on  the 
ciple  of  a  pfenum.  Uadoubtedly  he  tried  to  i 
promulgating  opinions  which  might  bring  him  i 
trouble.  He,  on  all  occaHions,  endeavoured  to  explai 
away  the  doctrine  of  the  motion  of  the  earth,  ao  aa  1 
evade  the  scruples  to  which  the  decrees  of  the  pope 
had  given  rise;  and,  in  stating  the  theory  of  vorticeB, 
he  saya,*  '  There  is  no  doubt  that  the  world  was  created 
at  first  with  all  its  perfection ;  nevertheless,  it  ia  well 
to  oonaider  how  it  might  have  arisen  from  oertaiD 
principles,  although  we  know  that  it  did  not.'  Indeed, 
in  the  whole  of  his  philo8oi)hy,  he  appears  to  deserve  the 
character  of  beiug  both  rash  and  cowardly,  'ptuillam- 
mTis  sinMl  et  audax,'{ar  more  than  Aristotle,  to  whose 
physical  speculatioiis  Bacon  applies  this  description-' 

Whatever  the  causes  might  be,  his  ayatem  waa  wbH 
received  and  rapidly  adopted.  Gassendi,  indeed,  bb^_ 
that  he  found  noViody  who  had  the  courage  to  i 
the  Frindpia  through;'"  but  the  system 
embraced  by  the  younger  professors,  who  were  e 
to  dispute  in  its  favour.  It  is  said''  that  the  TTnivei^ 
sity  of  Paris  waa  on  the  point  of  publishing  an  edict 
against  these  new  doctiines,  and  was  only  prevented 
from  doing  so  by  a  pasquinade  which  is  worth  men- 
tioning.  It  was  composed  by  the  poet  fioileau  (about 
1684),  and  pi-ofessed  to  be  a  Request  ia  favour  of 
Aristotle,  and  an  Edict  issued  from  Mount  Famassue 
in  consequence.  It  is  obvious  that,  at  this  time,  the 
cause  of  Cartesianism  was  looked  upon  as  the  cause  of 
free  inquiry  and  modern  discovery,  in  opposition  to 
that  of  bigotry,  prejudice,  and  ignorance.  Probably 
the  poet  waa  far  from  being  a  very  severe  or  profound 
critic  of  the  truth,  of  such  daims.  '  This  petition  of 
the  Masters  of  Arts,  Professors,  and  Regents  of  the 
University  of  Paris,  humbly  showeth,  that  it  is  <^ 
public  notoriety  that  the  sublime  and  incomparabl*  T 
Aristotle  was,  without  contest,  the  first  founder  of  thfl 
four  elements,  fire,  air,  earth,  and  water;  that  he  d 
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1  grace,  accord  nnto  tbem  a  simplicity  which 
jetii  uot  to  tliem  of  natural  right;'  and  so  on. 
'  Xeverthelesa,  since,  a  certain  time  past,  two  indi- 
yiduals,  named  Reason  and  Experience,  hare  leagued 
themselves  together  to  dispute  his  claim  to  the  rank 
which  of  justice  pertains  to  him,  and  have  tried  to 
erect  themselves  a.  throne  on  the  mins  of  his  nutho-' 
rity;  and,  in  order  the  better  to  gaiu  their  ends,  have 
excited  certain  faotioua  spirits,  who,  under  the  names 
of  C'ari^esians  and  Gasseodists,  have  beguu  to  shake  oif 
the  yoke  of  their  master,  Aristotle;  and,  contenmitig 
his  authority,  with  imexampled  temerity,  would  dis- 
pute the  right  which  he  had  acquired  of  making  true 
pass  for  false  and  false  for  true;' — In  fact  this  produc- 
tion does  not  exhibit  any  of  the  peculiar  tenets  of 
Descartes,  although,  probably,  the  positive  points  of 
hia  doctrines  obtained  ft  footing  in  the  University  of 
Paris,  under  the  cover  of  this  aflsault  on  his  adversa- 
ries. The  Physics  of  Eohault,  a  zealous  disciple  of 
Descartes,  was  published  at  Paris  about  1670, '-  and 
was,  for  a  time,  the  standard  book  for  students  of  this 
subject,  both  in  Prance  and  in  Eugland.  I  do  not  here 
speak  of  the  later  defenders  of  the  Cartesian  system, 
for,  in  their  hands,  it  was  much  modified  by  the  strug- 
gle which  it  had  to  maintain  against  the  Newtoaiau 
system. 

We  are  concerned  with  I>escartee  and  his  school 
only  as  they  form  part  of  the  picture  of  the  intellectual 
conditioii  of  Europe  just  before  the  publication  of 
Newton's  discoveries.  Beyond  this,  the  Cartesian 
^lecuiatioDB  are  witliout  value.  When,  indeed,  Des- 
cartes' countrymen  could  no  longer  refuse  their  assent 
And  admiration  to  the  Newtonian  theory,  it  came  to 
he  the  fashion  among  them  to  say  that  Descartes  had 
been  the  necessary  pi-ecursor  of  Newton ;  and  to  adopt 
a  &TOurite  saying  oi  Leibnitz,  that  the  Cartesian  phi- 
losophy waa  the  antechamber  of  Truth.  Yet  this 
GOVpftrisoB  is  far  from  being  happy :  it  appeared  rather 

'^theee  suitors  had  mistaken  the  door;    for  those 
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who  first  came  into  the  presence  of  Truth  herself  wer8 
those  who  never  entered  this  imagined  antechamber, 
and  those  who  were  in  the  antechamher  firat,  were  dwi 
last  in  penetrating  furtter.  In  partly  the  aame  8p 
Playfair  has  noted  it  as  a  service  which  Newton 
hap«  owed  to  Descartes,  that  '  he  had  exhausted 
of  the  most  tempting  forms  of  error.'  We  aha]] 
soon  that  this  temptation  had  no  attraction  for  th( 
who  looked  at  the  problem  in  its  true  light,  as 
Italian  and  English  philosophers  ali'eady  did.  Voltai 
La3  observed,  far  more  truly,  that  Newton's  edi£i 
nested  on  no  stone  of  Descartes'  foundatioas. 
illustrates  this  by  relating  that  Newton  only  once  read' 
the  work  of  Descartes,  and,  in  doing  so,  wrote  the 
word  '  error,'  repeatedly,  on  the  first  seven  or  eight 
pages;  after  which  he  read  no  more.  This  volume, 
Yultaire  adds,  was  for  some  time  in  the  possession  of 
Newton's  nephew." 

{Gaisendi,)  Even  in  his  own  country,  the  gysl 
of  Descartes  was  by  no  means  univei-sally  adopi 
We  have  seen  that  though  Gassendi  was  coupled  with 
Descartes  as  one  of  the  leaders  of  tiie  new  philosophy, 
he  was  far  from  admiring  his  worlc.  Gassendi's  own 
views  of  the  causes  of  the  motions  of  the  heavenly, 
bodies  are  not  very  clenr,  nor  even  very  clearly 
rlble  to  the  laws  of  mechanics;  although  he  w( 
of  those  who  had  most  share  in  showing  that  t] 
}  apply  to  astronomical  motions.  In  a  chaptei;' 
e  sit  motrix  siderum  causa,'  he  reviews 
several  opinions;  hat  the  one  which  he  seems  to  adopt, 
is  that  which  ascribes  the  motion  of  the  celestial  globes 
to  certain  fibres,  of  which  the  action  is  similar  to  that 
of  the  muscles  of  animals.  It  does  not  appear,  there- 
fore, that  he  had  distinctly  apprehended,  either  the 
continuation  of  the  movements  of  tlie  planets  by  the 
First  Law  of  Motion,  or  their  deflection  by  the  Seco&j. 
Law;— the  two  main  steps  on  the  road  to  the  di> 
covery  of  the  true  forces  by  which  they  ai'e  made 
describe  their  orhi(«. 
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{^Letbnite,  (te.)  Nor  does  it  appear  that  in  Germany 
mathematicians  had  attained  this  point  of  view.  Leib' 
nitz,  as  we  have  seen,  did  not  aasent  to  tlie  opiniona  of 
Descartes,  as  containing  the  complete  truth;  and  yet 
hia  own  views  of  the  physica  of  the  uuiverse  do  not 
seem  to  have  any  great  advantage  over  these.  In 
1 67 1  he  publislied  A  new  physiaai  hypot/iotig,  by  which 
the  caaxs  of  most  phenomena  are  dettaeed/Totn  a  certain 
single  universal  Tiuiticm  mippoteii  in  vut  globe; — not  to 
be  deepieed  other  by  (A«  Tychoniam  or  the  Copernicana. 
He  supposes  the  particles  of  the  earth  to  have  separate 
motionB,  which  produce  coliisiooa,  and  thus  propagate'^ 
an  'agitation  of  the  ether,'  radiating  in  all  directions; 
and,*"  '  by  the  rotation  of  the  sun  on  its  axis,  concm-ring 
with  its  rectilinear  action  on  the  earth,  arises  the  mo- 
tion of  the  earth  about  the  sun.'  The  other  motions 
of  the  solar  system  are,  as  we  might  expect,  accounted 
for  in  a  similar  manner;  but  it  appears  difficult  to 
invest  snch  a  hypothesis  with   any  mechanical  con- 

John  Bernoulli  maintained  to  the  last  the  Cartesian 
hypothesis,  though  with  several  modifications  of  liis 
own,  and  even  pretended  to  apply  mathematical  calcu- 
lation to  his  principles.  This,  howeverj  belongs  to  a 
later  period  of  our  history;  to  the  reception,  not  to 
the  prelude,  of  the  Newtonian  theory, 

{BoreUi.)  In  Italy,  Holland,  and  England,  mathe- 
maticians appear  to  have  looked  much  more  steadily 
at  the  problem  of  the  celestial  motions,  by  the  light 
which  tie  disoovery  of  the  real  laws  of  motion  threw 
upon.  it.  In  Boreili's  Theories  of  t/ie  Medicean  Plaitets, 
printed  at  Florence  in  1666,  we  have  already  a  con- 
ception of  the  nature  of  central  action,  in  which  true 
notions  begin  to  appear.  The  attraction  of  a  body 
upon  another  which  revolves  about  it  is  spoken  of,  and 
likened  to  magnetic  action;  not  converting  the  attract- 
ing force  into  a  transverse  force,  according  to  the  erro- 
neous views  of  Kepler,  but  taking  it  as  a  tendency  of 
the  bodies  to  meet.     '  It  is  ma.nifeBt,'  says  he,^^  '  tliat 

"  -^'^  ■*■  "  J"-  B-  >I  Csp.  a. 
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every  planet  and  Batellite  revolves  round  some 
cipal  globe  of  the  universe  as  a  fountain  of  vinme, 
whicli  so  draws  and  holds  them,  that  they  cannot  by 
ftny  means  be  sepwated  from  it,  but  are  compelled  to 
follow  it  wherever  it  goes,  in  constant  and  continuona 
revolutions.'  And,  further  on,  he  describea^^  the 
nature  of  the  action,  as  a  matter  of  conjecture  indeed, 
but  with  remarkable  correctness.'^  '  We  shall  accotmt 
for  these  motions  by  so-pposing,  that  which  can  hardly 
be  denied,  that  the  planets  have  a  certain  natural 
appetite  for  uniting  themHelves  with  the  globe  round 
■whicli  they  revolve,  and  that  they  really  tend,  ■with. 
all  their  efforts,  to  approach  to  sucb  globe ;  the  planet^ 
for  instance,  to  tbe  sun,  the  Medioean  Stars  to  Jupiter. 
It  is  cei-tain,  also,  that  circular  motion  gives  a  body  a 
tendency  to  recede  from  the  center  of  such  revoluti( 
as  we  find  In  a  wheel,  or  a  stone  ■whirled  ' 
Let  UH  suppose,  then,  the  planet  to  endeavour  to 
proach  the  sun;  since,  in  the  mean  time,  it  acquii 
by  the  circular  motion,  a  force  to  recede  from  the  same 
central  body,  it  comes  to  pass,  tliat  when  those  two 
opposite  forces  are  equal,  each  compensates  the  other, 
and  tbe  planet  cannot  go  nearer  to  the  sun  nor  further 
from  him  than  a  certain  determinate  space,  and  thufi 
appears  balanced  and  floating  about  him.' 

This  is  a  very  remarkable  passage;  but  it  will 
observed,  at  the  same  time,  that  the  author  has 
distinct  conception  of  the  manner  in  which  the  change 
of  direction  of  the  planet's  motion  is  regulated  from 
one  instant  to  another;  still  less  do  his  views  lead  to 
any  mode  of  calculating  the  distance  from  the  central 
body  at  which  the  planet  would  be  thus  balanced, 
the  space  through  which  it  might  approach  to 
center  and  recede  from  it.  There  is  a  gi 
from  Borelli's  guesses,  even  to  Huyghens'  theorenw; 
and  a  much  greater  to  the  beginning  of  Kewtotfi 
discoveries. 

{^England.)     It  is   peculiarly  interesting  to  ua 
trace  the  gradual  approach  towards  these  discovei 
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-which  took  place  in  the  minds  of  EJuglieb  mathema- 
ticjans;  ami  tliie  we  can  do  with  tolerable  distinctneaa. 
Gilbert,  in  his  work,  De  Magnete,  printed  in  1600,  haa 
only  Bome  vague  notions  that  the  magnetic  virtue  of 
Uie  earth  in  Home  way  determines  the  direction  of  the 
earth's  axis,  the  rate  of  its  diurnal  rotation,  and  that 
of  the  revolution  of  the  moon  about  it,*"  He  died  in 
1603,  and,  in  hia  posthumoua  work,  already  mentioned, 
(fle  Mv/ndo  noHro  SuUu/nari  Phxhsophia  nova,  1651,) 
we  havs  already  a  more  diatinct  statement  of  the  attrac- 
tion of  one  body  by  another.'^  '  The  force  which  ema- 
nates from  the  moon  reaches  to  the  earth,  and,  in  like 
m&nner,  the  magaetio  virtue  of  the  earth  pervades  the 
region  of  the  moon :  hoth  correspond  and  conspire  by 
the  joint  action  of  both,  according  to  a  proportion  and 
oonformity  of  motions ;  but  the  earth  haa  more  effect, 
in  consequence  of  ite  superior  mass;  the  earth  attracts 
tnd  rep^  the  moon,  and  the  moon,  within  cei'tain 
limits,  the  earth  ;  not  so  as  to  make  the  bodies  como 
t<^ther,  as  magnetic  bodies  do,  but  so  that  they  may 
goon  in  a  continuous  course.'  Though  this  phraseology 
is  capable  of  repreaentiog  a  good  deal  of  the  truth,  it 
does  not  appear  to  have  been  connected,  in  the  author's 
mind,  viih  any  very  definite  notions  of  mechanical 
action  in  detail.  We  may  probably  say  the  same  of 
Itfilton's  langu^e : 

^^^^^L      Be  ceater  to  the  world  ;  anil  other  ataTB, 
^^^^^B       Bj  hie  HttroctiTi!  virtne  and  their  own 

^^^r  P«r.  lost,  B.  Tiii. 

"Boyle,  about  the  same  period,  seema  to  have  inclined 
to  the  Cartesian  hypothesis.  Thua,  in  order  to  show 
the  advantage  of  the  natural  theology  which  contem- 
plates oi^nic  contrivaucea,  over  that  which  refers  to 
astronomy,  he  remarks,  'it  may  be  said,  that  in  bodies 
inanimate,"  the  contrivance  ia  very  rarely  so  exquisite 
bat  that  the  various  motions  and  occurrences  of  their 


■■•  Boj-lc-t  irnria.  a.  160. 
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parts  may,  without  much  improbatility,  be  a 
capable,  after  many  essays,  tucatit  one  other  into  at 
of  those  circuniTolutiouB  called  by  Epicurus,  avarpo 
aud   by  Descartes,  vorlicea;  which  being  once  I 
may  coutiuue  a  long  time  after  the  manner  ezplaii 
by  the  latter.'     Neither  Milton  nor  Boyle,  hovel 
□an.  be  supposed  to  have  had  an  exa(!t  knowledtn 
the  laws  of  mechanics;  and  therefore  they  do  not  fi 
represent  the  views  of  their  mathematical  ( 
raries.     But  there  arose  about  this  time  a  graup  4 
philosophers,  who  began  to  kuock  at  the  door  wh< 
Truth  was  to  be  found,  although  it  was  left  for  New) 
to  foi-ce  it  open.    These  were  the  founders  of  the  B 
Society,  Wilkins,  Wallis,  Seth  Ward,  Wrt 
and  others.     The  time  of  the  beginning  of  the  hj 
lations  and  association  of  these  men  corresponds  to  1 
time  of  the  civil  wars  between  the  king  and  parlii 
in  England ;  and  it  does  not  appear  a  fanciful  a 
of  their  scientific  zeal  aud  activity,  to  say,  that  w 
they  shared  the  common  mental  fermeut  of  the  t' 
they  sought  in  the  calm  aud  peaceful  pursuit  of  k 
ledge  a  contrast  to  the  vexatious  and  an_ 
which  at  that  time  disturbed  the  repose  of  a 
It  was  well  if  these  dissensions  produced  any  g 
science  to  balance  the  obvious  evils  which  flowed  fi 
them.     Gaacoigne,  the  inventor  of  the  n 
friend  of  HorroXj  was  killed  in  the  battle  of  Mar 
Moor.     Milbume,  another  friend  of  Horros,  who  q 
him  detected  the  erroura  of  Lansberg's  astronomT 
tables,  left  papers  on  this  subject,  wliioh  were  loata 
the  coming  of  the  Scotch  army  into  Eoglai 
in  the  civQ  war  which  ensued,  the  anatomical  collav  1 
tions  of  Harvey  were  plundered  and  destroyed.    Most 
of  these  persons  of  whom  I  have  lately  hfuj  to  speahp 
were  involved  in  the  changes  of  fortune  of  the  Com- 
monwealth, some  on  one  side  and  some  on  the  other. 
Wilkins  was  made  Warden  of  Wadham  by  the  com- 
mittee  of   parliament  appointed   for  reforming  the 
University  of  Oxford ;  and  was,  in  1659,  made  Master 
of  Trinity  College,  CamViridge,  by  Richard  Cromwell, 
bat  ejected  thence  the  yea.TtoUoVmg^n'^OTi.xVe^^tont- 
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tion  of  the  royal  away.  Seth  Ward,  who  was  a  Fellow 
of  Sidney  College,  Cambridge,  was  deprived  of  hia 
Pellowahip  by  the  pariiameutary  comiaittee;  but  at 
a  later  period  (1649)  he  took  the  engagement  to  be 
iaithful  to  the  Commonwealth,  and  became  Savilian 
Professor  of  Astronomy  at  Oxford  Wallia  held  a 
Fellowship  of  Queen's  Oollege,  Cambridge,  but  vacated 
it  by  marriage.  He  was  afterwards  much  employed 
by  the  royal  party  in  deciphering  secret  writijiga,  in 
which  art  he  had  peculiar  skill.  Ifet  he  was  appointed 
by  the  parliamenbiry  commissioaers  Savilian  Professor 
of  Geometry  at  Oxford,  in  which,  wtuation  he  was  con- 
tiDued  by  Charles  II.  after  his  restoration.  Christopher 
Wren  was  somewhat  later,  and  escaped  these  changes. 
He  was  chosen  Fellow  of  All-Souls  in  1652,  and  suc- 
ceeded Ward  as  Savilian  Professor  of  Astronomy. 
These  men,  along  with  Boyle  and  several  others, 
formed  themselves  into  a  club,  which  they  called  the 
Philosophical,  or  the  InviBible  College;  and  met,  from 
about  tlie  year  1645,  sometimes  in  London,  and  some- 
times in  Oxford,  according  to  the  changes  of  fortune 
and  residence  of  the  membera  Hooke  went  to  Christ 
Chnrch,  Oxford,  in  1653,  where  he  was  patronized  by 
Boyle,  Ward,  and  Wallia;  and  when  the  Philosophical 
Oollege  resumed  its  meetings  in  London  after  the 
Bestoration,  as  the  Eoyal  Society,  Hooke  whs  made 
'  cnrator  of  experiments.'  Halley  was  of  tlie  next 
generation,  and  comes  after  Ifewton;  he  studied  at 
Queen's  College,  Oxford,  in  1673;  but  waa  at  first  a 
man  of  some  fortune,  and  not  engaged  in  any  official 
situation.  His  talents  and  zeal,  however,  made  him 
an  active  and  effective  ally  in  the  promotion  of 
science. 

The  connexion  of  the  persons  of  whom  we  have  been 
speaking  has  a  bearing  on  our  subject,  for  it  led,  hiato- 
tieally  speaking,  to  the  publication  of  Newton's  disco- 
veries in  physical  astronomy.  Rightly  to  propose  a 
problem  is  no  inconsiderable  step  to  its  solution  ;  and 
it  waa  undoubtedly  a  great  advance  towards  the  true 
theory  of  the  iiniTerae  to  consider  the  motioTi  oS  &« 
planets  round  the  sua  as  a  mechanical  (question,  to  \ie 


^ 
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solved  by  a  reference  to  the  laws  of  motion,  and  ^^U 
the  use  of  mathematics.  So  far  the  English  ptuloao-  | 
phera  appear  to  have  gone,  before  the  time  of  Newton. 
Hcx>ke,  indeed,  when  the  doctrine  of  gravitation  via 
published,  asserted  that  he  had  discovered  it  previously 
to  Newton;  and  though  this  pretension  could  not  bo 
maint^ned,  he  certainly  bad  perceived  that  the  thing 
to  be  done  was,  to  determine  the  effect  of  a  central 
force  in  producing  curvilinear  motion;  which  effect,  aa 
VB  have  already  seen,  he  illuatrated  by  experiment  as 
early  as  1666.  Hooke  had  also  spoken  more  clearly 
<m  tills  subject  in  An.  Attempt  to  prove  the  Motion  of 
the  Eartkj'rom  Observations,  published  in  1674.  ti 
this,  he  distinctly  states  that  the  planets  would  more 
in  straight  lines,  if  they  were  not  deflected  by  central 
forces;  and  that  the  central  attractive  power  increases 
in  approaching  the  center  in  certain  degrees,  dependent 
on  the  distance.  'Now  what  these  degrees  art^'  he 
adds,  '  I  have  not  yet  experimentally  verified;'  but  be 
ventures  to  promise  to  any  one  who  succeeds  in  this 
nndertaking,  a  discovery  of  the  cause  of  the  heavenly 
motioDS.  He  asserted,  in  conveTsation,  to  Halley  and 
Wren,  that  he  had  solved  this  problem,  but  liia  solu- 
tion was  never  produced.  The  proposition  that  the 
attractive  force  of  the  sun  varies  inversely  as  the 
square  of  the  distance  from  the  center,  had  already 
been  divined,  if  not  fully  established.  If  the  orbite 
of  the  planets  were  circles,  this  proportion  of  the  forces 
might  be  deduced  in  the  same  manner  aa  the  proposi- 
tions concerning  circular  motion,  which  Hnyghena 
published  in  1673;  yet  it  does  not  appear  that  Huy- 
ghens  made  this  application  of  his  principles.  Newton, 
however,  had  already  made  this  step  some  years  before 
this  time.  Accordingly,  he  says  in  a  letter  to  Halley, 
on  Hooke's  claim  to  this  discovery,*^  '  When  Huy- 
geniuB  put  out  his  Horologium  OgcUlatorium,  a  copy 
being  presented  to  me,  in  my  letter  of  thanks  I  gave 
those  rules  in  the  end  thereof  a  particular  commenda- 
tion for  their  usefulness  in  oompnting  the  foroea  of  1 
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tLe  moOD  firom  the  earth,  aod  tlie  earth  from  the  Bun.' 
He  says,  moreover,  '  I  am  almost  oonlident  by  circum- 
stances, that  Sir  Christopher  Wren  knew  the  duplicate 
proportion  when  I  gave  him  a  visit;  and  then  Mr. 
Hooke,  by  hia  book  Gomela.  will  prove  the  laat  of  ub 
three  that  knew  it.'  Hooke'a  Cometa  was  published 
in  1678.  These  inferences  were  all  connected  with 
Keplera  law,  that  the  times  are  in  the  sesqiiiplicate 
ratio  of  the  major  axes  of  the  orbits.  But  Ualley  had 
also  been  led  to  the  duplicate  proportion  by  another 
train  of  reasoning,  namely,  by  considering  the  force 
of  the  aun  as  an  emanation,  which  muat  become  more 
feeble  in  proportion  to  the  increased  spherical  snriaee 
over  which  it  is  diffused,  and  therefore  in  the  inverse 
proportion  of  the  square  of  the  distances.^  In  this 
view  of  the  matter,  however,  the  difficulty  was  to 
determine  what  would  be  the  motion  of  a  body  acted 
on  by  such  a  force,  when  the  orbit  is  not  circular  but 
oblong.  The  investigation  of  this  case  was  a  problem 
which,  we  can  easily  conceive,  must  have  appeared  of 
very  formidable  oomplexity  while  it  was  unsolved, 
and  the  first  of  its  kind.  Accordingly  Kalley,  as  his 
biographer  says,  'iiuding  himself  unable  to  nmke  it 
out  ill  any  geometrical  way,  first  applied  to  Mr.  Hooke 
and  Sir  Christopher  Wren,  and  meeting  with  no 
aaaiatance  from  either  of  them,  he  went  to  Cambridge 
in  August  {1684),  to  Mr.  Newton,  who  suppKed  him 
fully  with  what  he  had  so  ardently  sought' 

A  paper  of  Halley's  in  the  Philoaopkicai  Transac- 
tions for  January,  1686,  professedly  inserted  as  a 
preparation  for  Newton's  worfe,  contains  some  argu- 
menta  against  the  Cartesian  hypothesis  of  gravity, 
which  seem  to  imply  that  Cartesian  opinions  had  some 
footing  among  English  philosophers;  and  we  are  told 
by  Whiston,  Newton's  auccesaor  in  his  professorship 
at  Cambridge,  that  Cartesianism  formed  a  part  of  the 
studies  of  that  place.     Indeed,  Rohault's  P/ii/aics  was 

"  BBlllsldiu.  in  1S4S.  hid  as-  iiold  of  and  Eriipp\eB  tte  v\an«,», 
lertfd  cbal  the  force  by  wliicb  (fie  DinBt  be  an  the  InytirBe  8(\iiMe  ut 
MUB  ■jrekaidlt  et  luupagal,-  ukee     the  diBtUM*. 
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used  as  a  class-book  at  tliat  University  long  after  tlie 
time  of  which  we  are  speaking;  but  the  peculiar 
Cartesian  doctrines  which  it  contained  were  soon 
superseded  by  others. 

With  regard,  then,  to  this  part  of  the  discovery, 
that  the  force  of  the  sun  follows  the  inverse  duplicate 
proportion  of  the  distances,  we  see  that  several  other 
persons  were  on  the  verge  of  it  at  the  same  time  with 
Newton;  though  he  alone  possessed  that  combination 
of  distinctness  of  thought  and  power  of  mathematical 
invention,  which  enabled  him  to  force  his  way  across 
the  barrier.  But  another,  and  so  far  as  we  know,  an 
earlier  train  of  thought,  led  by  a  different  path  to  the 
same  result;  and  it  was  the  convergence  of  these  two 
lines  of  reasoning  that  brought  the  conclusion  to  men's 
minds  with  irresistible  force.  I  speak  now  of  the 
identification  of  the  force  which  retains  the  moon  in 
her  orbit  with  the  force  of  gravity  by  which  bodies  fell 
at  the  earth's  surface.  In  this  comparison  Newton 
had,  so  far  as  I  am  aware,  no  forerunner.  We  are 
now,  therefore,  arrived  at  the  point  at  which  the  his- 
tory of  Newton's  great  discovery  properly  begins. 


CHAPTER  II. 

rDUcnvE  Epoch  op  Newton. — Discovert  op 
THE  Univebbal  Gravitation  op  Matter,  accord- 
isG  TO  THE  Law  of  the  Inverse  Square  op  the 
Distance. 

IN  order  that  we  may  the  more  clearly  consider  the 
liearing  of  this,  the  greatest  scientific  discovery 
ever  made,  we  ahidl  resolve  it  into  the  partial  pro- 
poslliona  of  which  it  conaiats.  Of  these  wo  may 
.    The  doctrine  of  universal  gravitation 


I,  That  the  force  by  which  the  different  planets  are 
attracted  to  the  aun  is  in  the  inverse  proportion  of  the 
squares  of  tKeir  diatamcea; 

a.  That  the  force  by  which  the  game  planet  is 
attracted  to  the  sun,  in  different  parts  of  its  orbit,  is 
averse  proportion  of  the  squares  of  the 


3.  That  the  earth  also  eierts  such  a  force  on  the 
moon,  and  that  this  force  is  identical  with  the  force  of 
graoity; 

4.  That  bodies  thus  act  on  other  bodies,  besides 
those  which  revolve  round  them;  thus,  that  the  sun 
exerts  such  a  force  on  the  moon  and  satellites,  and 
that  the  planets  exert  such  forces  on  o«s  another; 

5.  That  this  force,  thus  eserted  hy  the  general 
masses  of  the  sun,  earth,  and  planets,  arises  from  the 
attraction  0/  each  particle  of  these  masses;  which 
attraction  follows  the  above  law,  and  belougs  to  all 
matter  alike. 

Tlie  history  of  the  establishment  of  these  five  tmtha 
will  be  given  in  oi-der. 

I.  Sun'g  Force  on  Different  Planets. — With  regard 
to  the  firet  of  the  above  five  propositions,  that  the 
different  planets  are  attracted  to  the  sun  by  a  iorca 
which    is  isveise/jr  aa   the  square    of    the    dialaaco. 
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Newton  had  so  far  been  anticipated,  that  several  per- 
sons bad  discovered  it  to  be  true,  or  nearly  true ;  that 
is,  they  had  discovered  that  if  the  orbits  of  the  planete 
were  circles,  the  proportions  of  the  central  force  to 
the  inverse  aqnare  of  the  distance  would  follow  fiwm 
Kepler's  third  law,  of  the  sesquiplicate  proportion  of 
the  periodic  timeR.  Aa  we  have  seen,  Huyghens' 
theorems  would  have  proved  this,  if  they  had  been  bd 
applied;  Wren  knew  it;  Hooke  not  only  knew  it,  but 
claimed  a  prior  knowledge  to  Newton;  and  Halley 
had  BatiBfied  himself  that  it  was  at  least  nearly  true, 
before  he  visited  Newton.  Hooke  was  reported  to 
Newton  at  Cambridge,  as  having  applied  to  the  Boyal 
Society  to  do  him  justice  with  regard  to  his  claiina;  but 
when  Halley  wrote  and  informed  Newton  (in  a  letter 
dated  Juaoag,  i636),  that  Hooke's  conduct  'bad  been 
represented  in  worse  colours  than  it  ought,'  Newton 
inserted  in  his  book  a  notice  of  these  his  predeoesBon^ 
in  order,  as  he  said,  '  to  compose  the  dispute.'^  This 
notice  appears  in  a  Scholium  to  the  fourth  Proposition 
of  the  Priiicipia,  which  states  the  general  law  of  revo- 
lutions in  circles.  '  The  case  of  the  sixth  corollary,' 
Newton  there  says,  '  obtains  in  the  celestial  bodies,  as 
has  been  separately  inferred  by  our  countrymen,  Wren, 
Hooke,  and  Halley;'  he  soon  after  names  Huyghen 
'  who,  in  his  excellent  treatise  De  Homlo^o  OsoUl 
tOTiQ,  compares  the  force  of  gravity  with  the  centti^^ 
fugal  forces  of  revolving  bodies.' 

The  two  step3  requisite  for  this  discovery  were,  to 
propose  the  motions  of  the  planets  as  simply  a  mecha- 
nical problem,  and  to  apply  mathematical  reasoning  so 
as  to  solve  this  problem,  with  reference  to  Kepler's 
third  law  considered  as  a  iact.  The  former  step  whs 
a  consequence  of  the  mechanical  discoveries  of  Galileo 
and  his  school;  the  result  of  the  firm  and  clear  place 
which  these  gradually  obtained  in  men's  minds,  and  of 
the  utter  abolition  of  all  the  notions  of  solid  spheres 
by  Kepler.  The  mathematical  step  required  no  small 
mathematical  powers;  as  appears,  when  we  consider 

I  JJIoff.  aril.  tollQ,  art.  Hookt. 
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that  this  was  the  6rst  example  of  such  a  problem,  and 
that  the  method  of  limits,  under  all  its  forma,  whs  at 
this  time  iu  its  iotoDcy,  or  rather,  at  its  birth.  Accord- 
ingly, evea  this  step,  though  TOUch  the  easiest  in  the 
path  of  deduction,  no  one  before  Newton  completely 
esecated. 

a.  Force  in  different  Points  of  an  OctiV.— The  infe- 
rence of  the  law  of  the  force  from  Kepler's  two  laws 
concerning  the.  elliptical  motion,  was  «  problem  quite 
difiereut  from  the  preceding,  and  much  more  difficult; 
but  the  dispute  with  reepect  to  priority  iu  the  two 
propoeitions  was  intermingled.  Borelli,  in  1666,  had, 
as  we  have  seen,  endeavoured  to  reconcile  the  general 
fona  of  the  orbit  with  the  notion  of  a  central  attrac- 
tive force,  by  taking  ceutrifiigal  force  into  the  account ; 
and  Hooke,  in  1679,  had  asserted  that  the  result  of 
the  law  of  the  inverse  square  in  the  force  of  the  earth 
would  be  an  ellipse,^  or  a  curve  like  an  ellipse.^  But 
it  does  not  appear  that  this  was  anything  more  than 
a  conjecture.  Halley  says*  that  'Hooke,  in  1683, 
told  him  he  had  demonstrated  all  the  laws  of  the 
celestial  motions  by  the  reciprocally  duplicate  propor- 
tion of  the  force  of  gravity;  but  (iiat,  being  offei-ed 
forty  shilling  by  Sir  Chriitopher  Wren  to  produce 
suoh  a  demonstration,  his  answer  was,  that  he  had  it, 
but  would  conceal  it  for  some  time,  that  others,  trying 
and  failing,  might  know  how  to  value  it  when  he 
should  make  it  public'  Halley,  however,  truly  iib- 
serves,  that  after  the  publication  of  the  demonstratinu 
in  the  Principia,  this  reason  no  longer  held ;  aud  adds, 
'  I  have  plainly  told  him,  that  unless  he  produce 
another  difTering  demonstration,  aud  let  the  world 
judge  of  it,  neither  I  nor  any  one  else  can  believe  it.' 

Newton  allows  thatHooke's  aasertions  in  1679  gave 
occasion  to  his  investigation  on  this  point  of  the  theory. 
TTiw  demonstration  is  contained  in  the  second  and 
third  Sections  of  the  Principia,     He  flrat  treats  of  the 
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general  law  of  central  forces  in  any  curve ;  and  then, 
on  Bcconnt,  bs  he  states,  of  the  application  to  dig 
motion  of  the  hexveuly  bodies,  he  treats  of  the  csae  ol 
force  vatyiug  inversely  as  the  square  of  the  diatanoq 
in  a  more  dilfuBe  manner. 

la  this,  as  in  the  former  portion  of  his  discovei^^ 
the  two  Bt«])s  were,  the  proposing  the  heavenly  moticm^ 
as  a  mechanical  problem,  and  the  solving  this  problenti 
Borelli  and  Hooke  had  certainly  made  the  former 
with  considerable  distiuctness  ^  but  the  mathematit^ 
solution  required  no  conamon  inventive  power. 

Hewton  seems  to  liave  been  mueh  ruffled  by  Sookft^ 
speaking  slightly  of  the  value  of  this  second  step ;  ani 
is  moved  in  return  to  deny  Hooke'a  pretenidona  ■ 
some  asperity,  and  to  aasert  his  own.  He  says, 
letter  to  Halley,  '  Borelli  did  something  in  it, 
wrote  modeutly;  he  (Hooke)  has  done  nothing;  and' 
yet  written  in  such  a  way  as  if  he  knew  and  had  uufS- 
ciently  hinted  all  but  what  remained  to  be  determined 
by  the  drudgery  of  calculations  and  ohservationsj 
excusing  himself  from  that  labour  by  reason  of  im 
other  businesR;  whereas  he  should  rather  have  excused 
himself  by  reason  of  his  inability :  for  it  is  very  plain, 
by  his  words,  he  knew  not  how  to  go  about  it.  Now 
is  not  this  very  finel  Mathematicians  that  Und  out, 
settle,  and  do  all  the  business,  munt  content  th  emselves 
with  being  nothing  but  dry  caloulatora  and  drudges; 
and  another  that  does  nothing  but  pretend  and  grasp 
at  all  things,  must  carry  away  all  the  inventions,  as 
well  of  those  that  were  to  follow  him  as  of  those  tliat 
went  before.'  This  waa  written,  however,  nnder  the 
influence  of  some  degree  of  mistake;  and  in  a  subse- 
quent letter,  Newton  sa-ys,  '  Now  I  understand  he  was 
in  some  resfiecta  misrepresented  to  me,  I  wish  I  had 
spared  the  postscript  to  my  last,'  in  which  is  the  pas- 
sage just  quoted.  We  see,  by  the  melting  away  of 
rival  claims,  the  undivided  honour  which  belongs  to 
Newton,  as  the  real  discoverer  of  the  proposition  now 
under  notice.  We  may  add,  that  in  the  sequel  of  the 
third  Section  of  the  Principia,  he  has  traced  its  oon- 
seqaences,  and  solved  various  ^nAiWma  &.ot«i^  feom. 
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it  with  Ha  usual  fertility  and  beauty  of  mathematical 
resource;  and  has  there  shown  tlie  necessary  connexion 
of  Kepler's  third  law  with  his  first  and  second. 

3.  Mo&iC»  Gratyily  to  the  Earth. — Though  others 
had  considered  cosmioal  forces  as  gavemed  by  the 
general  laws  of  motion,  it  does  not  appear  that  they 
had  identified  such  forces  with  the  force  of  terrestrial 
gravity.  This  step  in  Newton's  discoveries  has  geae- 
ndly  been  the  m(»t  spoken  of  by  uupeiiiuial  tliinkers; 
and  a  false  kind  of  interest  has  been  attached  to  it, 
from  the  story  of  its  being  suggested  by  the  fall  of  an 
apple.  The  popular  mind  is  caught  by  the  character 
of  an  eventful  narrative  which  the  anecdote  gives  to 
thit^  occurrence;  and  by  the  antithesis  which  makes  a 
profound  theory  appear  the  result  of  a  trivial  accident. 
How  inappropriate  ia  such  a  view  of  the  matter  we 
shall  soon  see.  The  narrative  of  the  progress  of 
Newton's  thoughts,  ia  given  by  Pemberton  (who  had 
it  from  Newton  himself)  in  his  preface  to  his  View  nj 
Newtmit  Philomphy-,  and  by  Voltaire,  wlio  had  it  from 
Mrs.  Conduit,  Newton's  niece. ^  'The  first  thoughts,' 
we  are  told,  '  which  gave  rise  to  his  Prinnpia,  he  had 
when  he  retired  from  Cambridge,  in  1666,  on  account 
of  the  plague,  (he  waa  then  twenty-four  years  of  age). 
As  he  sat  alone  in  a  giirdcn,  he  fell  into  a  s]>eculatian 
on  the  power  of  gravity;  that  as  this  power  is  not 
found  sensibly  diminished  at  the  remotest  distance 
from  the  center  of  the  earth  to  which  we  can  rise, 
neither  at  the  tops  of  the  loftiest  buildings,  nor  even 
on  the  summits  of  the  highest  mountains,  it  appeared 
to  him  reasonable  to  conclude  tliat  this  power  must 
extend  much  further  than  was  usually  thought:  Why 
not  as  high  as  the  moon?  said  he  to  himself;  and  if 
80,  her  motion  must  be  influenced  by  it;  perhaps  she 
IB  i-etained  in  her  orbit  thereby.' 

The  thought  of  coamical  gravitation  was  thus  dis- 
tinctly brought  into  being:  and  Newton's  superiority 
here  was,  that  he  conceived  the  celestial  motions  as 
distinctly  as  the  motions  which  took  place  close  to 

'  £lfmfsi  dfPMI.de  Xi:u!tm,  Jme  partie,  cliap.  111. 
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him;— oonaidered  them  aa  of  the  same  kind,  and  applied 
the  same  rules  to  each,  without  hesitation  or  obsciirity. 
But  BO  iar,  this  thought  was  merely  a  guess :  its  occur- 
rence showed  the  activity  of  the  thinker;  but  to  give 
it  any  value,  it  required  much  more  than  a  '  why  notl" 
— a  'perhaps.'  Accordingly,  Newton's  'why  aotf 
was  immediately  succeeded  by  hia  '  if  so,  what  thenP' 
Hia  reasoning  was,  that  if  gravity  reach  tc 
it  is  probably  of  the  same  kind  as  the  central  force  ot 
the  Hun,  and  follows  the  same  rule  with  respeot  to  the 
dbtanca  What  is  this  rule)  We  have  already  seea 
that,  by  calculating  from  Kepler's  lawa,  and  aupposing 
the  orbits  to  be  circles,  the  rule  of  the  force  appears  to 
be  the  inverse  duplicate  proportion  of  the  distance; 
and  this,  which  had  been  current  as  a  conjecture  among 
the  previous  generation  of  nuithematicians,  Newton 
had  already  proved  by  indisputable  reasonings,  and 
was  thus  prepared  to  proceed  in  his  train  of  inquiry. 
li,  then,  he  went  on,  pursuing  his  train  of  thought, 
the  earth's  gravity  extend  to  the  moon,  diminishing 
according  to  the  inverse  square  of  the  distance,  will 
it,  at  the  moon's  iirbit,  be  of  the  proper  magnitude  for 
retaining  her  in  her  path)  Here  again  came  in  oalcu' 
lation,  and  a  calcul^ion  of  extreme  interest;  for  how 
important  and  how  critical  was  the  decision  which 
depended  on  the  resulting  numbers  I  According  to 
Newton's  calculations,  made  at  this  time,  the  moon,  by 
her  motion  in  her  orbit,  was  deflected  from  the  tangent 
every  minute  threugh  a  space  of  thirteen  feet.  But 
by  noticing  the  space  tlirou^  which  bodies  would  &11 
in  one  minute  at  the  earth's  suriHce,  and  supposing 
this  to  be  diminished  in  the  ratio  of  the  inverse  square, 
it  appeared  that  gravity  woul-d,  at  the  moon's  orbit, 
draw  a  body  through  more  than  fiileeu  feet.  The  dif- 
ference seems  small,  the  approximation  encooraging, 
the  theory  plausible;  a  man  in  love  with  his  own 
fancies  would  readUy  have  discovered  or  invented  some 
probable  cause  of  this  difference.  But  Newton  ac- 
quiesced in  it  as  a  disproof  of  his  conjecture,  and  '  laid 
aside  at  that  time  any  fui-tber  thoughts  of  this  matter;' 
tbaa  resigning  a  favovLtite  ^ij^oftieaia,  ■wS.'Oq.  ■ 
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and  openneae  to  conviction  not  inferior  to  Kepler, 
ikoagh  Ills  notion  had  bueo  taken  up  on  far  Btronger 
and  sounder  grounds  than  Kepler  dealt  in ;  and  with- 
out even,  bo  lar  as  we  know,  Kepler's  regrets  and 
stm^les.  Nor  was  this  levity  or  indifference;  the 
idea,  though  thus  laid  aside,  wae  not  finally  coudcnined 
and  abandoned.  Wlieu  Hoote,  in  1679,  contradictwl 
Newton  on  the  subject  of  the  curve  described  by  a 
falling  body,  and  assorted  it  to  he  an  ellipse,  Newton 
was  led  to  investigate  the  subject,  and  was  then  agaiu 
conducted,  by  another  road,  to  the  same  law  of  the 
iavBtse  square  of  the  distance.  This  naturally  turned 
his  thoughts  to  his  former  speculation  a.  Was  there 
really  no  wayof  exjJainiug  the  discrepancy  which  this 
law  gave,  when  he  attempted  to  reduce  the  moon's 
motion  to  the  action  of  gravityl  A  scientific  opera- 
tion then  recently  completed,  gave  the  esplanation  at 
once.  He  had  been  mistaken  in  the  magnitude  of  the 
earth,  and  consequently  in  the  distance  of  the  moon, 
which  is  determined  by  meaaurementa  of  which  the 
earth's  radius  is  the  base.  He  had  taken  the  common 
estimate,  current  among  geographers  and  seamen,  that 
sixty  English  miles  are  contained  in  one  degree  of 
latitude.  But  Picard,  in  lOjo,  had  measured  the 
length  of  a  certain  portion  of  the  meridian  in  France, 
with  far  greater  accuracy  than  had  yet  been  attained; 
and  this  measure  enabled  Newtou  to  repeat  hts  calcu- 
lations with  these  amended  data.  We  may  imagine 
the  strong  curiosity  which  he  must  have  felt  as  to  the 
result  of  these  calculations.  His  former  conjecture 
was  now  found  to  agree  with  the  phenomena  to  a 
remarkable  degree  of  precision.  This  conclusion,  thus 
coming  after  long  doubts  and  delays,  and  falling  in 
with  the  other  results  of  mechanical  calcidation  for 
the  solar  system,  gave  a  stamp  from  that  moment  to 
his  opinions,  and  thi-ough  him  to  those  of  the  whole 
philosophical  world. 

[and  Ed.]  [Dr.  Kobison  {Mechanical  Philogopky, 
p.  a88)  pays  that  Newton  having  become  a  member  uf 
the  "Royai  Society,  thei-e  /eanied  the  accurate  meaaute- 
ment  of  the  earth  by  Picard,  differing  very  m\ic\i  Etom 
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the  eatimatioD.  hy  which  lie  had  made  lib  calcalatdona 
in  1666.  And  M.  Biot,  in  his  life  of  Newton,  pub- 
lished in  the  Biographie  UnivergeUe,  says,  '  Aeeordmg 
to  awyeriure, about  the  month  of  June,  1682,  Newton, 
being  in  Loudon,  at  a  meetiug  of  the  Royal  Society, 
mention  was  made  of  the  new  measure  of  a  d^ree  of 
the  earth's  surfaee,  recently  executed  iu  France  by 
Picard;  and  gi'eat  priiae  was  given  to  the  care  which 
bad  been  employed  in  making  this  measure  exact.' 

I  had  adopted  tlila  conjecture  as  a  fact  in  my  £i8l 
edition;  but  it  has  been  pointed  out  by  Fro£  Rigand 
(HiHoriad  Esmy  on  the  First  Publicaiion  of  tlie  Frm- 
cipia,  1838),  that  Picard's  meanurement  was  probably 
well  known  to  the  Fellows  of  the  Royal  Society  M. 
early  as  1675,  there  beiug  an  account  of  the  resvilts  ti} 
it  given  in  the  PhUoaophiaai  Tramacliona  for  that' 
year,  l^ewton  appears  to  have  discovered  the  methoii 
of  determining  that  a  body  might  describe  an  ellipM^ 
when  acted  upon  by  a  force  residing  in  the  foons,  ^it4. 
varying  inversely  a&  the  square  of  the  distance,  ilU 
1679,  upon  occasion  cf  his  correspondence  with  Hoolts^i 
In  1684,  at  Halley's  rea:[uest,  he  returned  to  the  siib*> 
ject,  and  in  February,  1685,  there  was  inserted  in  thB  ■. 
Register  of  the  Royal  Society  a  paper  of  Newton'* 
■(/aooci  Newtoni  Propositumes  de  Motu)  which  con*.' 
tained  some  of  the  principal  Propositions  of  the  first' 
two  Books  of  the  Principia.  This  paper,  howeve^J 
does  not  contain  the  Proposition  '  Lunam  gravitare  IB 
terram,'  nor  any  of  the  other  propositions  of  the  thir^ 
Book,  The  Prindpia  was  printed  in  1686  and  7( 
apparently  at  the  exfiense  of  Halley.  On  the  6th  o^ 
April,  1687,  the  Third  Book  was  presented  to  th< 
Eoyal  Society.] 

It  does  not  appear,  I  think,  that  before  NewtoiVr 
philosophers  in  general  had  supposed  that  terrestrial 
gravity  was  the  v  j  f  by  h  h  the  moon's  motion* 
are  produced.  M  n  hnd  w  have  seen,  taken  w 
the  conception  of  u  k  f  es  and  had  probably  called  • 
tliem  gravity :  but  th  s  was  d  ne  only  to  explcun,  by 
analogy,  what  k  d  o£  t  ea  they  were,  just  as  at 
other  times  theycompa  edt\iem'«\t\t^aa.'^%'wsai',  «a^ 
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it  did  not  imply  tliat  terrestrial  gravity  was  a  force 
which  acted  in  the  celestial  spaoes.  After  Newton 
had  discovered  that  this  was  ho,  the  application  of  the 
term  'gravity'  did  undoubtedly  convey  such  a  augges- 
tion;  but  we  should  err  if  we  inferreil  from  this 
coincidence  of  expression  that  the  notion  was  com- 
monly entertained  beibre  him.  Thus  Hujghens 
appears  to  use  language  which  may  be  miataken,  wbcu 
he  says,*  that  Borelli  waa  of  opinion  that  the  primary 
planets  were  urged  by  'gi-avity'  towards  the  sun,  and 
the  satellites  towards  the  primaries.  The  notion  of 
terrestrial  gravity,  aa  being  actually  a  cosmical  force, 
is  foreign  to  all  Borelli'a  speculationsJ  But  Horros, 
as  early  as  1635,  appears  to  have  entertained  the  true 
view  on  this  subject,  although  vitiated  by  JCeplerian 
erroura  concerning  the  connexion  between  the  rotation 
of  the  central  body  and  its  effect  on  tlie  body  which 
revolves  about  it.  Thus  he  saya,^  that  the  emanation 
of  the  earth  oariiea  a  projected  stone  along  with  the 
motion  of  the  earth,  just  in  the  same  way  as  it  carries 
'n  her  orbit;    and  that  this  force  ia  greater 


on  the  atone  than  < 

The  Proposition 
discovery  of  which  \ 
of  his  third  Book  ; 


the  I 


,  because  the 


1  which  Newton  has  stated  the 
'e  are  now  speaking,  is  the  fourth 
'  Tliat  the  moon  gravitates  to  the 
earth,  and  by  the  force  of  gravity  ia  perpetoally 
deEeoted  &om  a  rectilinear  motion,  and  retained  in 
her  orbit'  The  proof  conaiata  in  the  numerical  calcu- 
lation, of  which  he  only  gives  the  eleKenta,  and  points 
out  the  method;  hut  we  may  observe,  that  no  small 
degree  of  knowledge  of  the  way  in  which  astronomers 
bad  obtained  these  elements,  and  judgment  in  selecting 
among  them,  were  necessary:  thus,  the  mean  distance 
of  the  moon  had  been  made  as  little  as  iifcy-six  and  a 
half  semi-diameters  of  the  earth  by  Tycho,  and  as 


*  Cvmot/KToe,  1. ' 

!  I  h»ie  found  i 

*hicb  (be  wurd  !< 


126       HISTORT  OF  PHYSICAL  ASTKOUOMT. 

much  as  aiity-two  and  a  haJf  by  Kircher:  Newton 
gives  good  reasous  for  adopting  aixty-one. 

The  term  'gravity,'  and  the  expression  'to  gravS' 
tate,'  which,  as  we  have  just  seen,  Newton  uses  of  tbv' 
moon,  were  to  receive  a,  still  wider  application  ii 
sequence  of  hia  discoveriea;  but  in  order  to  m^e  this 
extension  clearer,  we  consider  it  aa  a  separate  step. 

4.  Mutual  AUraclion  0/ all  the  Geleitial  Boetie*. — 
If  the  preceding  parts  of  the  discovery  of  gravitation 
were  comparatively  easy  to  conjecture,  and  dltfictilt  to 
jirove ;  this  v/as  much  more  the  case  with  the  part  of 
which  we  have  now  to  speak,  the  attraction  of  other 
bodies,  besides  the  central  oneti,  upon  the  planeta  imd 
satellites.  If  the  mathematical  calculation  of  the 
unmixed  effect  of  a  central  force  required  transcendeut 
talents,  how  much  nmst  the  difficulty  be  increased, 
when  other  influencea  prevented  those  first  results 
from  being  accurately  verified,  while  the  deviatioDS 
from  accuracy  were  far  more  complex  than  the  original 
action!  If  it  had  not  been  that  these  deviations, 
though  surprisingly  numerous  and  complicated  in  their 
nature,  were  very  small  in  their  quantity,  it  would 
have  been  impossible  for  the  intellect  of  man  to  deal 
with  the  subject;  aa  it  was,  the  struggle  with  its  diffi- 
culties is  even  now  a  matter  of  wonder. 

The  conjecture  that  there  is  some  mutual  action  of 
the  planets,  had  been  put  forth  by  Hooke  in  his 
Atleiapt  to  prove  the  Motion  of  tJie  Earth,  (1674.)  It 
followed,  he  said,  from  his  doctrine,  that  not  only  the 
sua  and  the  mo*n  act  upon  the  course  and  motion  of 
the  earth,  but  that  Mercury,  Venus,  Mars,  Jupiter, 
and  Saturn,  have  also,  "by  their  attractive  power,  a  con- 
siderable influence  upon  the  motion  of  the  earth,  and 
the  earth  in  like  manner  powerfully  affects  the  motions 
of  those  bodies.  And  Borelli,  in  attempting  to  form 
'  theories'  of  the  satellites  of  Jupiter,  had  Been,  though 
dimly  and  confusedly,  the  probability  that  the  snn 
would  disturb  the  motions  of  these  bodies.  Thus  he 
says,  (cap.  14,}  '  How  can  we  believe  that  the  Medicean 
globes  are  not,  like  other  ^\8.-tte\»,  \-ni\«i\eA  -Hvtb.  a 
greater  velocity  when  t^iey  B,-^\iTQaE\i  \\ift  Kao.-,  ■iisi? 
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tlras  they  are  acted  npon  by  two  moving  fi>rces,  one  of 
which  produceu  their  proper  revolution  about  Jupiter, 
the  other  regulates  theirmotion  rouud  the  sun.'  And 
in  another  place,  (cap.  20,}  he  attempts  to  show  an 
effect  of  this  principle  upon  the  inclination  of  the 
orbit ;  though,  as  might  be  expected,  without  any  real 

The  case  which  most  ohviooaly  suggests  the  notion 
that  the  Bun  exerts  a  power  to  disturb  the  motions  of 
secondary  planets  about  primary  ones,  might  seem  to 
be  our  own  moon ;  for  the  great  inequalities  which 
bad  hitherto  been  discovered,  had  all,  except  the  first, 
or  elliptical  anomaly,  a  reference  to  the  position  of  the 
8UIX-  Nevertheless,  I  do  not  know  that  any  one  had 
attempted  thus  to  explain  the  curiously  irregular  course 
of  the  earth's  attendant.  To  calculate,  irom  the  dis- 
turbing agency,  the  amount  of  the  irregularities,  was 
a  problem  Tvhich  could  not,  at  any  former  period,  have 
been  dreamt  of  as  likely  to  he  at  any  time  within  the 
verge  of  human  power. 

Newton  both  made  the  step  of  inferring  that  there 
were  such  forces,  and,  to  a  very  great  extent,  calculated 
the  effects  of  them.  The  inference  is  made  on  mecha- 
nical principles,  in  the  sixth  Theorem  of  the  third 
Book  of  the  Principia  ;~th&t  the  moon  is  attracted 
by  the  sun,  as  the  earth  is; — that  the  satellites  of 
Jupiter  and  Saturn  are  attracted  as  the  primaries  are; 
in  the  same  manner,  and  with  the  same  forces.  If 
this  were  not  so,  it  is  shown,  that  these  attendant 
bodies  could  not  accompany  the  principal  ones  in  the 
regular  manner  in  which  they  do.  All  those  bodies 
at  equal  distances  irom  the  sun  would  be  equally 
attracted. 

But  the  complexity  which  must  occur  in  tracing 
the  results  of  tliis  principle  will  easily  be  seen.  The 
satellite  and  the  primary,  though  nearly  at  the  same 
distance!,  and  in  the  same  direction,  from  the  suu,  are 
not  exactly  so.  Moreover  the  difference  of  the  dia- 
tajices  and  of  the  directions  is  pei-petually  changing ; 
and  if  the  jaotion  of  the  satellite  be  e\Uptica\,  ftie 
ej-ole  of  change  is  Joag  and  intricate :  on  tinB  accowtA. 
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alone  the  effects  of  the  sun's  action  will  inevitably 
follow  cycles  as  long  and  as  perplexed  as  those  of  the 
positions.  But  on  another  acconnt  they  will  be  still 
more  complicated ;  for  in  the  continued  action  of  a 
force,  the  effect  which  takes  pla^e  at  first,  niodifies  and 
altera  the  effect  afterwards.  The  result  at  any  moment 
is  the  sum  of  the  results  in  preceding  instants:  and 
eince  the  terma,  in  this  series  of  inKtantaneous  effects, 
follow  very  complex  rules,  the  sums  of  such  series  will 
be,  it  might  bo  expected,  utterly  incapable  of  being 
reduced  to  any  manageable  degree  of  simplicity. 

It  certainly  does  not  appear  that  any  one  hut 
2fewton  could  make  ajiy  impression  on  this  problem, 
or  courae  of  problems.  No  one  for  sixty  years  after 
the  publication  of  the  Prineipia,  and,  with  Newton's 
methods,  no  one  up  to  the  present  day,  had  added 
anything  of  any  value  to  his  deductions.  We  know 
that  he  calculated  all  the  principal  lunar  inequalitim; 
in  many  of  the  cases,  he  has  given  us  his  procesBee; 
in  others,  only  his  results.  But  who  has  presented,  in 
his  beautiful  geometry,  or  deduced  Irom  hia  simple 
principles,  any  of  the  inequalities  which  he  left  im- 
touchedl  The  ponderous  instrument  of  synthesis,  so 
effective  in  his  hands,  has  never  since  been  grasped  by 
one  who  could  use  it  for  such  purposes;  and  we  gaas 
at  it  with  admiring  curiosity,  as  on  some  gigantic 
implement  of  war,  which  Btands  idle  among  the  memo- 
riala  of  ancient  days,  and  makes  us  wonder  what 
manner  of  man  he  wa.3  who  could  wield  as  a  weapon 
what  we  can  hardly  lift  aa  a  burden. 

It  is  not  nooessary  to  point  out  in  detail  the  sagad^ 
and  skill  which  mark  this  part  of  the  Prinxipia.  The 
mode  in  which  the  author  obtains  the  effect  of  a  dis- 
turbing force  in  producing  a  motion  of  the  apse  of  an 
elhptical  orbit  (the  ninth  Section  of  the  firat  Book),.. 
has  always  been  admired  for  its  ingenuity  and  eleganoet.^ 
The  general  statement  of  the  nature  of  the  prinoipl' 
inequalities  produced  by  the  sun  in  the  motion  of  • 
satellite,  given  in  the  sixty-sixth  Proposition,  ia,  evi^' 
jet,  one  of  the  best  explauaationa  of  wjol\  efit^aa  \  aiu' 
the  calculations  of  tlie  (\inHxt\.y  o?  M»i»  efieiAa  vo.  'S 
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third  Book,  for  instanoe,  the  miTiation  of  the  moon, 
the  motion  of  the  nodeg  and  its  iaequalitiea,  the  diange 
of  inclination  of  the  orbit,— -are  fiill  of  beautiful  and 
efficaciouB  artifices.  But  Newton's  inventive  faculty 
was  exercised  to  an  extent  greater  than  these  published 
iuvestigatdonB  show.  In  several  ca^es  he  has  suppressed 
the  demonstratian  of  hia  method,  and  given  us  the 
result  only ;  either  from  haste,  or  from  mere  weariness, 
which  might  well  overtake  one  who,  while  he  waa 
struggling  with  fects  and  numbers,  with  difficulties  of 
conception  and  practice,  was  aiming  also  at  that  geo- 
metrical elegance  of  exposition,  which  he  considered 
as  aJooa  fit  for  the  public  eye.  Thus,  in  stating  the 
effect  of  the  eccentricity  of  the  moon's  orbit  upon  the 
motion  of  the  apogee,  he  saya,^  '  The  computations,  as 
too  intricate  and  embarrassed  with  approximations,  I 
do  not  choose  to  introduce.' 

The  computations  of  the  theoretical  motion  of  the 
moon  being  thus  difficult,  and  its  irregularities  nume- 
rous and  complex,  we  may  ask,  whether  Newton's 
reasoning  was  sufficient  to  eatablisb  thia  part  of  his 
theory;  namely,  that  her  actual  motions  arise  from 
her  gravitation  to  the  sun.  And  to  this  we  may  reply, 
that  it  waa  sufficient  for  that  purpose, — since  it  showed 
that,  from  Newton's  hj'jwtheais,  inequalities  must 
reeult,  following  the  laws  which  the  moon's  inequali- 
ties were  known  to  follow; — since  the  amount  of  the 
inequalities  given  by  the  theory  agreed  nearly  with 
the  rules  which  astronomers  had  collected  from  obser- 
vation ; — and  since,  by  the  very  intricacy  of  the  calcu- 
lation, it  was  rendered  probable,  that  the  first  results 
might  be  somewhat  inaccurate,  and  thus  might  give 
rise  to  the  still  remaining  differences  between  the  cal- 
culations and  the  facta.  A  Progression  of  the.  Apogee; 
a  Regresaion  of  the  Nodes;  and,  besides  the  Elliptical, 
or  first  Inequality,  an  inequality,  following  the  law 
of  the  Eveclion,  or  second  inequality  discovered  by 
Ptolemy;  another,  following  the  law  of  the  VariatioTi. 
discovered  by  Tycho; — were  2Jointed  out  in  the  first 
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edition  of  the  PHncipia,  as  tte  corsequenccB  of  tie 
theory.  Moreover,  the  quantities  of  these  inequahtiea 
were  calculated  aud  compared  with  observation  with 
the  utmost  confidence,  and  the  agreement  in  moat 
instances  was  striking.  The  Yariation  agreed  witli 
Halley'e  recent  observations  within  a  minute  of  a 
degree.^"  The  Mean  Motion  of  the  Nodes  in  a  ye»r 
agreed  within  less  than  one-hundredth  of  the  whola" 
The  Equation  of  the  Motion  of  the  Nodes  also  agreed 
well.^*  The  Inclination  of  the  Plane  of  the  Orbit  to 
the  ecliptic,  and  its  changes,  aecording  to  the  different 
situations  of  the  nodes,  likewise  agreed.^^  The  Erec- 
tion has  been  already  noticed  as  encumbered  wi^i 
peculiar  difiiculties :  here  the  accordance  was  less  ckiae. 
The  Difierence  of  the  daily  progress  of  the  Apogee  in 
syyjgy,  and  ita  daily  Regress  in  Quadratures,  is,  New- 
ton says,  '  4i  niinutos  by  the  Tables,  6^  by  oup  calcQ' 
lation.'  He  boldly  adds,  '  I  suspect  this  difference  to 
be  due  to  the  fault  of  the  Tables.'  In  the  second 
edition  (17 11)  he  added  the  calculation  of  seTeral 
other  inequaUties,  as  the  Annual  Equaiion,  aJao  dis- 
covered  by  Tycho ;  and  he  compared  them  with  mote 
recent  observations  made  by  Flamateed  at  Greenwidi; 
but  even  in  what  has  already  been  stated,  it  must  be 
allowed  that  there  is  a  wonderAil  accordance  of  theoiy 
■with  ])henomena,  both  being  very  complex  in  the  mlea 
which  they  educe. 

The  same  theory  which  gave  these  Inequalitiea  in 
the  motion  of  the  Moon  produced  by  the  disturbing 
force  of  the  sun,  gave  also  corresponding  Inequalities 
in  the  motions  of  the  Satellites  of  other  planets,  arising 
from  the  same  cause ;  and  likewise  pointed  out  the  - 
necessary  existence  of  irregularities  in  the  motions  of 
the  Planets  arising  from  their  mutual  attraction. 
Newton  gave  propositions  by  which  the  Irregularities 
of  the  motion  of  Jupiter's  moons  might  be  deduced 
from  those  of  our  own  ;'*  and  it  was  shown  that  the 
motions  of  their  nodes  wnuld  be  slow  by  theory,  oa 
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Flamstoed  had  found  it  to  be  by  observation."  But 
Newton  did  not  attempt  to  calculate  the  effect  of  the 
matual  action  of  the  planeta,  though  he  obserreB,  that 
in  the  case  of  Jupiter  aud  Saturn  this  effect  ih  too 
considerable  to  he  neglected;^*  and  he  notices  in  the 
second  edition,"  that  it  follows  from  the  theory  of 
gravity,  that  the  aphelia  of  Mercury,  Venus,  the 
Earth,  and  Mara,  slightly  progress. 

In  one  celebrated  instance,  indeed,  the  deviation  of 
the  theory  of  the  Priiidpia  from  observation  was 
wider,  and  more  difficult  to  e£plain ;  and  as  this  de- 
viation for  a  time  resisted  the  analysis  of  Euler  and 
Clairaut,  as  it  had  resisted  the  synthesis  of  Newtcn,  it 
at  one  period  staggered  the  faith  of  ma^ematicians  in 
the  exactness  of  the  law  of  the  inverse  square  of  the 
distance.  I  speak  of  the  Motion  of  the  Moon's  Apo- 
geei,  a  problem  which  has  already  been  referred  to ; 
and  in  which  Newton's  method,  and  all  the  methods 
which  could  be  devUed  for  som«  time  afterwards,  gave 
only  half  the  observed  motion;  a  circumstance  which 
arose,  as  was  discovered  by  Clairaut  in  1730,  from  the 
insufBciency  of  the  method  of  approximation.  New- 
ton does  not  attempt  to  conceal  this  discrepancy- 
After  calculating  what  the  motion  of  apse  would  he, 
upon  the  assumption  of  a  disturbing  force  of  the  same 
amount  as  that  which  the  sun  exerts  on  the  moon,  he 
simply  says,'^  '  the  apse  of  the  moon  moves  about 
twice  as  fast.' 

The  difficulty  of  doing  what  Newton  did  in  this 
branch  of  the  subject,  and  the  powers  it  must  have 
required,  may  bo  judged  of  from  what  has  already  been 
stated; — that  no  one,  with  his  methods,  has  yet  been 
able  to  add  anything  to  his  lalMura:  few  have  under- 
taken to  illustrate  what  he  has  written,  aud  no  great 
nvimber  have  understood  it  throughout.  The  extreme 
complication  of  the  forces,  and  of  the  conditions  under 
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wHch  they  act,  makes  the  aabject  by  far  the  most 
thorny  walk  of  mathematica.  It  is  necessary  to  resohe 
the  action  into  many  elements,  such  as  can  be  sepa- 
rated; to  invent  artifices  for  dealing  with  each  of 
these;  and  then  to  recompouud  the  kws  thus  obtained 
into  one  common  conception.  The  moon's  motioa 
cannot  be  conceived  without  comprehending  a  schema 
more  complex  than  the  Ptolemaic  epicycles  and  eccen- 
trics in  their  worst  fonn ;  and  the  component  parts  of 
the  system  are  not,  in  this  instance,  mere  geometrical 
ideas,  requiring  only  &  distinct  apprehension  of  rela- 
tions of  space  in  order  to  hold  them  securely ;  they  are 
the  foundations  of  mechanical  notions,  and  require  to 
be  grasped  so  that  we  can  apply  to  them  sound  mecha- 
nical reasonings.  Kewton'a  successors,  in  the  neit 
generation,  abandoned  the  hop©  of  imitating  him  in 
this  intense  mental  effort;  they  gave  the  subject  over 
to  the  operation  of  algebraical  reaaoning,  in  which 
symbols  think  for  us,  without  our  dwelling  constantly 
upon  their  meaning,  and  obtain  for  us  the  consequence] 
which  result  from  the  relations  of  space  and  the  la^ri 
of  force,  however  complicated  be  the  conditions  u 
■which  they  are  combined.  Even  Newton's 
men,  though  they  were  long  before  they  applied  then 
selves  to  the  method  thus  opposed  to  his,  <£d  not  p 
duce  anything  which  showed  that  they  had  11 
or  could  retrace,  the  Newtonian  investigatioi 

Thus  the  Problem  of  Three  Bodies,^^  treated  geome- 
trically, belongs  exclusively  to  Newton ;  and  the  proofi 
of  the  mutual  action  of  the  sun,  planets  and  satellites, 
which  depend  upon  such  reasoning,  could  not  be  dis- 
covered by  any  one  but  him. 

But  we  have  not  yet  done  with  his  achievemenft) 
on  this  subject;  for  some  of  the  most  remarkable  & 
beautiful  of  the  reasonings  which  he  connected  v 
this  problem,  belong  to  the  next  step  of  his  genera 
zation. 

5,  Mutual  Attraction  of  all  PaHictes  of  MaUer.— 


J»  See  the  hlrtory  of  the  iViftkm  of  Tlirte  BotUta.iv 
Oiap.  ri.  Seel.  7. 
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FsH  the  parts  of  the  tmiyerse  aj-e  drawn  and  lield 
_rtlier  by  love,  or  harmony,  or  some  affection  to 
■which,  among  other  names,  that  of  attraction  may 
haTe  been  given,  is  an  assertion  which  may  very  poa- 
ably  have  been  made  at  various  times,  by  speculators 
writing  at  random,  and  taking  their  chance  of  meaning 
and  truth.  The  authors  of  such  casual  dogmas  have 
gen^^y  nothing  accurate  or  Bubstantial,  either  in 
their  conception  of  the  general  proposition,  or  in  their 
reference  to  examples  of  it;  and  therefore  their  doc- 
trines are  no  concern  of  ours  at  present.  But  among 
those  who  were  really  the  first  to  think  of  the  mutual 
attraction  of  matter,  we  cannot  help  noticing  Francis 
£ic<m ;  for  his  notions  wei-e  so  far  from  being  charge- 
vUe  with  the  looseness  and  indistinctness  to  which  we 
We  alludetl,  that  he  proposed  an  experiment™  which 
Wb  to  decide  whether  the  facta  were  so  or  not; — 
trhetlier  the  gravity  of  bodies  to  the  earth  arose  from 
•0  attraction  of  the  parts  of  matter  towards  each  other, 
or  was  a  tendency  towards  the  center  of  the  earth. 
And  this  ejcperiment  is,  even  to  this  day,  one  of  the 
best  which  can  be  devised,  in  order  to  exhibit  the 
nnivereal  gravitation  of  matter;  it  consists  in  the 
eompariaon  of  the  rate  of  going  of  a  clock  in  a  deep 
mine,  and  on  a  high  place.  Huyghens,  in  his  book 
Bt  Causd  Bravitatia,  published  in  1690,  showed  that 
iiis  earth  would  ha.ve  an  oblate  form,  in  consequence 
of  the  action  of  the  centrifugal  force ;  but  his  re.ason- 
ing  does  not  suppose  gravity  to  arise  from  the  mutual 
attraction  of  the  parts  of  the  earth.  The  apparent 
influence  of  the  moon  upon  the  tides  had  long  been 
remarked ;  but  no  one  had  made  any  progress  in  tnily 
explaining  the  mechanism  of  this  influence;  and  all 
the  analopes  to  which  reference  had  been  made,  on 
this  and  similar  suhjecta,  as  magnetic  and  other 
attractions,  wei-e  rather  delusive  than  illustrative, 
(dnce  they  represented  the  attraction  as  something 
peooliar  in  particuhir  bodies,  depending  upon  the 
Ijt  of  each  body.  . 

at  Oty.Lib.Ii.  Aph.  Jff. 
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That  all  such  forces,  coemical  and  terreatrial,  y. 


e  siugle  foi'Ce,  and  that  this  M 


than  the  inseuslhle  attraction  "which  Buhsista  between 
one  stone  and  another,  was  a  conception  equally  bold 
and  grand;  and  would  have  been  an  iucomprehcnaible 
thought,  if  the  views  which  we  have  already  explained 
had  not  prepared  the  mind  lor  it  But  the  preceding 
steps  having  diacloaed,  between  all  the  bodies  of  the 
universe,  forces  of  the  same  kind  as  those  which  prt 
duce  the  weight  of  bodies  at  the  earth,  o  '  ' 
such  as  exist  in  every  particle  of  terrestrial  i 
it  became  an  obvious  question,  whetlier  sa(&  { 
did  not  also  belong  to  all  particles  of  planetary  loatttf,^ 
and  whether  this  was  not,  in  fact,  the  whole  account 
of  the  forces  of  the  solar  system.  But,  supposing  this 
conjecture  to  be  thus  suggested,  how  formidable,  on 
first  appearance  at  least,  was  the  undertaking  of  ven- 
fying  it  I  For  if  thia  be  bo,  every  finite  mass  of  matttx 
exerts  forces  which  are  the  result  of  the  infinitely 
numerous  forces  of  its  particles,  these  forces  acting  in 
difTerent  directions.  It  does  not  appear,  at  first  raglil, 
that  the  law  by  which  the  force  is  related  to  the  dis- 
tance, will  be  the  same  for  the  particles  as  it  is  for  tlie 
maasea;  and,  in  reality,  it  is  not  so,  except  in  apeciU 
cases.  And,  again,  in  the  inatauce  of  any  effect  prti- 
duced  by  the  force  of  a  liody,  how  are  we  to  knov 
whether  the  force  resides  in  tiie  whole  mass  as  a  unit, 
or  in  the  separate  particles?  We  may  reason,  as 
Newton  does,^'  that  the  rule  which  proves  gravity  to 
belong  universally  to  the  planets,  proves  it  also  to 
belong  to  their  parts;  but  the  mind  will  not  be  satis- 
fied with  thia  extension  of  the  rule,  except  we  can  find 
decisive  instances,  and  calculate  the  efiects  of  both 
suppositions,  under  the  appropriate  conditions.  Ac- 
cordingly, Newton  had  to  solve  a  new  series  of  pro- 
blems suggested  by  this  inquiry;  and  this  he  did. 

These  solutions  are  no  less  remarkable  for  the  ms- 
thematical  power  which  they  exhibit,  than  the  other 
parts  of  the  Prineipia. .   The  propositions  in  which  il 

*'  Prtncip.  B.W.tlQB  1- 
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13  shown  that  the  law  of  the  inverse  square  for  the 
particles  gives  the  same  law  for  spherical  massE'^,  have 
th&t  kind  of  beauty  which  might  well  have  justified 
their  being  published  for  their  mathematical  elegance 
alone,  even  if  they  had  not  applied  to  any  real  case. 
Great  ingenuity  is  also  employed  in  other  instances, 
as  in  the  case  of  spheroids  of  small  eccentricity.  And 
when  the  arooimt  of  the  mechanical  action  of  niasaea 
of  various  forms  has  thus  been  assigned,  the  edacity 
shown  in  tracing  the  results  of  such  actiou  in  the  solar 
system  is  truly  admirable ;  not  only  the  general  nature 
of  the  e&ci  being  pointed  out,  but  its  quantity  calcu- 
lated. I  speak  in  particular  of  the  reasonings  con- 
eeming  the  Figcre  of  the  Earth,_the  Tides,  the  Pre- 
cession of  the  Equinoxes,  the  Regression  of  the  N^odes 
of  a  ring  such  as  Saturn's;  and  of  some  effects  which, 
at  that  time,  had  not  been  ascertained  even  afi  fEictB  of 
observation ;  for  instance,  the  difference  of  gravity  in 
different  latitudes,  and  the  Nutation  of  the  earth's 
axis.  It  ia  true,  that  in  most  of  these  cases,  Newton's 
process  could  be  considered  only  as  a  rude  approxima- 
tion. In  one  (the  Frecession)  he  committed  an  errour, 
and  in  all,  his  means  of  calculation  were  insufficient. 
Indeed  these  are  much  more  difficult  inveBtigations 
than  the  Problem  of  Three  Bodies,  in  which  three 
points  act  on  each  other  by  esphcit  laws.  Up  to  this 
day,  the  resources  of  modern  analysis  have  been  em- 
ployed upon  some  of  them  with  very  partial  success; 
and  the  facts,  in  all  of  them,  required  to  be  accurately 
ascertained  and  measured,  a  process  which  is  not  com- 
pleted even  now.  Nevertheless  the  form  and  nature 
of  the  conclusions  which  Newton  did  obtain,  were  such 
as  to  inspire  a  strong  confidence  in  the  competency  of 
his  theory  to  explain  al!  such  phenomena  as  have  been 
spoken  of.  We  shall  afterwards  have  to  speak  of  the 
labours,  undertaken  in  order  to  examine  the  pheno- 
mena more  exactly,  to  which  the  theory  gave  occa- 

Thus,  then,  the  theory  of  the  universal  mutual  gra- 
vitation of  all  the  jiarticles  of  matter,  according  t"D  the 
law  of  the  inverse  square  of  the  diatancea,  'waa  doii.- 
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ceived,  its  consequencea  calculated,  and  ite  resi 
shown  to  agree  with  phenomena.  It  was  found  t 
thia  theory  took  up  all  the  facts  of  astronomy  a»  £u 
they  had  hitherto  been  aflcertained ;  while  it  point 
out  an  interminable  yiata  of  new  feotfi,  too  rainuto 
too  complex  for  observation  alone  to  disentangle, ' 
capable  of  being  detected  when  theoiy  bad  poin 
out  their  laws,  and  of  being  used  as  criteria  or  1 
firmations  of  the  tnith  of  the  doctrina  For  the  s 
reuaoning  which  explained  the  evection,  yariation, 
annual  equation  of  the  moon,  showed  that  there  m 
be  many  other  inequalities  beaidea  these;  since 
resulted  iix)m  approximate  methods  of  calculation^, 
which  small  quantities  were  neglected-  And  it 
known  that,  in  £act,  the  inequalities  hitherto 
by  astronomers  did  not  give  the  place  of  the  m 
with  Batiafactoiy  accuracy ;  so  that  there  wa3  na 
among  these  liiliierto  untractable  irregularities,  for 
additional  results  of  the  theory.  To  work  out  t 
comparison  was  the  employment  of  the 
century;  but  Newton  began  it.  Thus,  at  the  enil 
the  proposition  in  which  he  asaerts,^^  that  'all 
lunar  motions  and  their  irregularities  follow  from 
principles  here  stated,'  ho  makes  the  observation  wi 
we  have  just  made;  and  gives,  as  examples,  the  1 
ferent  motions  of  the  apogee  and  nodes,  tiie 
of  the  change  of  the  eccentricity,  and  the  differa 
of  the  moon's  variation,  according  to  the  difism 
distances  of  the  sun.  '  But  this  inequality,'  he  sa 
'  in  astronomical  calculations,  is  usually  refenwd 
the  prosthaphferesis  of  the  moon,  and 
with  it.' 

Reflections  on   (Ae   Discovery. — Such,  then,  is 
great  Newtonian  Induction  of  Universal  " 
and  such  its  history.     It  is  indisputably  and 
parably  the   greatest  scientific  discovery  ever 
whether  we  look  at  the  advance  which  it  involved, 
extent  of  the  truth  disclosed,  or  the  fundamental* 
sutifi&ct«ry  nature  of  this  truth.     As  to  the  first  pi> 


■we  may  observe  that  any  one  of  the  five  steps  into 
■which  we  have  separated  the  doctrine,  would,  of  itself, 
have  been  considered  as  an  important  advance ; — -would 
have  conferred  distinction  on  the  persons  who  made  it, 
and  the  time  to  which  it  belonged.  All  the  five  stejw 
made  at  once,  formed  not  a  leap,  but  a  flight, — nut  an 
improvement  merely,  but  a  metamorphosis. — not  an 
epoch,  but  a  termination.  Astronomy  passed  at  once 
from  its  boyhood  to  mature  manhood.  Again,  with 
regard  to  the  extent  of  the  truth,  we  obtain  as  wide  a 
generaJim,tion  as  our  physical  knowledge  admits,  when 
we  learn  that  every  jjarticle  of  matter,  in  all  times, 
places,  and  circumstAnces,  attracts  every  other  particle 
iu  the  universe  by  one  common  law  of  action.  And 
by  sayiikg  that  the  truth  was  of  a  fundamental  and 
satis&ctory  nature,  I  mean  that  it  assigned,  not  a  rule 
merely,  but  a  cause,  for  the  heavenly  motions ;  aud 
that  kind  of  cause  which  most  eminently  and  peculiarly 
we  distinctly  and  thoroughly  conceive,  namely,  mecha- 
oical  forca  Kepler's  laws  were  merely /onno/  rules, 
governing  the  celestial  motions  according  to  the  re- 
lationa  of  sjiace,  time,  and  number;  ffewton's  was  a 
eausai  law,  referring  these  motions  to  mechanical 
reasons.  It  ia  no  doubt  conceivable  that  future  dis- 
coveries may  both  extend  and  fiarther  explain  Newton's 
doctrines ; — may  make  gravitation  a  case  of  some  wider 
law,  and  may  disclose  something  of  the  mode  in  wliioh 
it  operates;  questions  with  which  Newtou  himself 
Struggled.  But,  in  the  mean  time,  few  persons  will 
dispute,  that  both  in  generality  and  profundity,  both 
in  width  and  depth,  Newton's  theory  is  altogether 
without  a  rival  or  neighbour," 
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TliB  requisite  conditions  of  audi  a  discovery  in 
mind  of  its  author  were,  in  this  as  in  other  caHes, 
idea,  and  its  corapariBOD  with  facta ; — the  coiicepti< 
the  law,  and  the  moulding  this  conception  in  sndii 
form  as  to  corresftond  with  known  realities.     The  ii 
of  mechanical   force   as  the    causa   of   the   eelesfjal 
motions,  had,  as   we  have  seen,   been   for  some  time 
growing  up  in  men's  minds  ;^had  gone  on  becoming 
more  distinct  and  more  general  j    and  had,  in  some 
persons,  approached  the  form  in  which  it  was  entcF<_ 
tained  by  Newton.     Still,  in  the  mere  conceptic 
iiniversal   gravitation,    Newton  must   have  gone 
heyond  his  predecessors  and  oontemporariea,  both 
generality  and  distinctness ;  and  in  the  inventJTi 
and  sagacity  with  whicli  he  traced  the  oonsequencBB 
this  conception,  he  was,  as  we  ha,ve  shown,  without : 
rival,  and  almost  without  a  second.     As  to  the  &ctar " 
which   he  had   to  include  in   his   law,  they  had  been 
accumulating  from  the  very  birth  of  astronomy ;  but 
those  which  he  had  m.ore  peculiarly  to  take  hold  (^ 
were  the  facts  of  the  planetary  motions  as  given 
Kepler,  and  those  of  the  moon's  motions  as  given 
Tycho  Brahe  and  Jeremy  Horro 

We  find  here  occasion  to  make  a  remark  whioh 
important  in  its  hearing  on  the  nature  of  progressii 
science.  What  Newton  thus  used  and  referred  to 
/acta,  were  the  laws  wiuch  his  pred« 
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lilisbed.  What  Eepler  and  Hoirox  bad  put  forth  aa 
'  theories,'  were  now  establiahed  truths,  fit  to  be  used 
in  the  construction  of  other  theoriea.  It  is  in  tbia 
manner  that  one  theory  is  built  upon  another; — that 
we  risa  &om  particulars  to  generals,  and  from  oue 
generalization  to  another; — that  we  Lave,  in  short, 
successive  steps  of  inductiou.  As  Newton's  laws 
assumed  Ke^iler'a,  Kepler's  la-ws  assumed  aa  factij  the 
results  of  the  planetaiy  theory  of  Ptolemy;  and  thus 
the  tbeortea  of  ea^h  generation  in  the  suientibc  world 
are  (when  tboroughly  verified  and  established)  the 
facts  of  the  next  generation.  Newton's  tbeoiy  is  the 
circle  of  generalization  which  includes  all  the  others; 
— the  highest  point  of  the  inductive  ascent; — the 
catastrophe  of  the  philosojihic  drama  to  which  Plato 
had  prologized ; — the  point  to  which  men's  minds  had 
been  journeying  for  two  thoiKand  years. 

Charader  of  Newt<yii.—lt  is  not  easy  to  anatomize 
the  constitution  and  the  operations  of  the  mind  whieh 
makes  such  an  advance  in  knowledge.  Yet  we  may 
observe  that  there  must  exist  in  it,  in  an  eminent 
degree,  the  elements  which  compose  the  mathematical 
talent.  It  must  possess  dietinctness  of  intuition, 
tenacity  and  iacility  in  tracing  logical  connexion,  fer- 
tility of  invention,  and  a  sti-ong  tendency  to  generali- 
zation. It  is  easy  to  discover  indications  of  these 
charaoteristics  in  Newton.  The  distinctness  of  his 
intuitions  of  space,  and  we  may  add  of  force  also,  waa 
seen  in  the  amusements  of  his  youth;  in  his  con- 
structing clocks  and  mills,  carts  and  dials,  as  well  as 
the  facility  with  which  be  mastered  geometry.  Tbia 
fondness  for  handicraft  employments,  and  for  making 
models  and  machines,  appears  to  be  a  common  prelude 
of  excellence  in  physical  science;'*  probably  on  this 
very  account,  that  it  arises  from  the  distinctness  of 
intuitive  power  with  which  the  child  conceives  the 
shapes  and  the  working  of  such  material  combinations. 
Newton's  inventive  power  appears  in  the  number  and 
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variety  of  the  matbematical  artifices  and  combination 
which  he  devised,  and  of  'which  hia  bookfi  are  ftilL  O ' 
•we  couceive  the  operation  of  the  inventive  &cnl4y  it 
the  only  way  in  which  it  appears  possible  to  co 
it ; — that  while  some  hidden  source  supplies  a  rap 
stream  of  possible  suggestions,  the  niind  is  on  i 
■watch  to  seize  and  detain  any  one  of  these  'which  will 
suit  the  case  in  hand,  allowing  the  rest  to  paaa  by  a;  " 
be  forgotten ; — we  shall  see  what  extraordinary  fertilim 
of  mind  in  implied  by  so  many  siiccessfal  efforts; 
an  innumerable  host  of  thoughts  must  have  been  pW 
duced,  to  supply  so  many  that  deserved  to  be  selected 
And  since  the  selectioD  is  performed  by  tracing  tb 
consequences  of  each  suggestion,  bo  as  to  compare  theOt 
■with  the  requisite  conditions,  we  see  also  what  rapidity 
and  certainty  in  drawing  conclusions  the  mind  imim 
possess  as  a  talent,  and  what  'watchfulness  and  patieno^ 
as  a  habit. 

The  hidden  fountain  of  our  unbidden  thoughts  it 
for  us  a  mystery;  and  'we  have,  in  our  const  ' 
no  standard  by  which  we  can  measure  our  own  talents 
but  our  acta  and  habits  are  something  of  which  w 
conscious;  and  we  can  understand,  therefore,  howii 
was  that  Newton  could  not  admit  that  there  n 
difference  between  himself  and  other  men,  except  a 
his  possession  of  such  habits  as  we  have  men'tiDned 
perseverance  and  vigilance.  When  he  was  asked  h<n 
he  made  hia  discoveries,  he  answered,  '  by  alway! 
thinking  about  them ;'  and  at  another  time  he  declarfll 
that  if  he  had  done  anything,  it  was  due  to  aothij^ 
but  industry  and  patient  thought ;  '  I  keep  the  subject, 
of  my  inq\iiry  constantly  before  me,  and  -wait  till  thi 
first  dawning  opens  grajSually,  by  little  and  little,  inte 
a  fidl  and  clear  light.'  No  better  account  can  be  giveSS 
of  the  nature  of  the  mental  ejhrt  which  gives  to  th<! 
philoBopher  the  full  benefit  of  his  jiowers;  but  i' 
natural  powers  of  men's  minds  are  not  on  that  accooirt 
the  less  different.  There  are  many  who  might  watt 
through  ages  of  darkness  without  being  visited  by  any 

The  habit  to  wbicK  "Ne-wton  "Atos,  m  wi 
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owed  his  disooveries,  this  constant  attention  to  the 
lising  thought,  and  development  of  its  results  in  every 
direction,  necessariljr  engaged  and  abaorbed  hia  upirit, 
and  made  him  inattentive  and  almost  insensible  to 
extemaJ  impressions  and  common  impulsea.  The 
stories  which  are  told  of  hia  extreme  absence  of  mind, 
probably  refer  to  the  two  yeaw  during  which  he  waa 
composing  hia  Principia,and  thus  following  out  a  train 
of  reasouing  the  moat  fertile,  tlie  most  complex,  and 
the  most  important,  which  any  philosopher  had  ever 
had  to  deal  with.  The  magnificent  and  striking  ques- 
tions which,  during  this  period,  he  must  have  had 
daily  rising  before  him;  the  perpetual  succ^sion  of 
difficult  problems  of  whieh  the  solution  was  necessaiy 
to  his  great  object;  may  well  have  entirely  occupied 
and  poBsessed  him.  '  He  existed  only  to  calculate  and 
to  thint.'^*  Often,  lost  in  meditation,  he  knew  not 
what  he  did,  and  his  mind  appeared  to  have  quite  for- 
gotten its  connexion  with  the  body.  His  servant 
reported  that,  in  rising  in  a  morning,  he  frequently  sat 
a  large  portion  of  the  day,  half-dressed,  on  the  side  of 
his  bed;  and  that  his  meals  waited  on  the  table  for 
hours  before  he  came  to  take  them.  Even  with  his 
transcendent  powers,  to  do  what  he  did,  was  almost 
irreconcileable  with  the  common  conditions  of  human 
life;  and  required  the  utmost  devotion  of  thought, 
enet^  of  effort,  and  steadiness  of  will, — the  Btrongest 
character,  as  well  as  the  highest  endowments,  which 
belong  to  man. 

Newton  has  been  so  nniversally  considered  as  the 
greatest  example  of  a  natural  philosopher,  that  his 
moral  qualities,  as  well  as  hia  intellect,  have  been 
referred  to  as  models  of  the  philoaophical  character; 
and  those  who  love  to  think  that  great  talents  are 
naturally  asaociated  with  virtue,  have  always  dwelt 
with  pleasure  upon  the  views  given  of  Newton  by  hia 
contemporaries ;  for  they  have  uniformly  represented 
him  as  candid  and  humble,  mild  and  good.  We  may 
take  as  an  example  of  the  impressions  prevalent  about 
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him  in  hia  1 
the  Poem  o 


im  time,  the  expresaionB  of  Thonuon,  i*  ' 
hia  Death.^ 


Saj  ye  who  beet  can  tell,  je  happy  few. 
Who  saw  him  id  tbe  softest  ligbla  of  life, 
All  unwithheld,  indulging  to  his  friends 
Tha  vsst  unboiTftwed  treamrea  of  hia  mind, 
Oh,  apeak  the  wondrona  dud  t  bow  mild,  liovcaliB, 
Haw  greatly  hamble,  how  difinely  gooil. 
How  firm  establiahed  oa  eternal  tnith ! 
Fertent  in  doing  well,  with  every  nerve 
Still  piefsing  on,  forgetful  uf  the  past, 
Aod  panting  for  perfection ;  far  above 
ThoM  Little  cares  and  ™ionary  joja 
That  BO  perplex  the  fond  impasaioQed  heart 
Of  ever-cheated,  erer-tinBting  man. 

[and  Ed.]  [In  the  first  edition  of  the  Princtpw, 
published  in  1687,  Newton  showed  that  the  nature  rf 
all  the  then  known  inequalities  of  the  moon,  and  m. 
Borae  cases  their  quantities,  might  be  deduced  from  the 
principles  which  he  laid  down :  but  the  det«rinination 
of  the  amount  and  law  of  most  of  the  inequalitki 
was  deferred  to  a  more  favourable  opportunity,  whsn 
he  might  be  furnished  with  better  astronomical  ob- 
servations. Such  observations  as  he  needed  for  thil 
purpose  had  been  made  by  Flamsteed,  and  for  these  he 
appHed,  representing  how  much  value  their  use  woold 
add  to  the  observations.  '  If,'  he  says,  in  1694, '  you 
publish  them  without  such  a  theory  to  reconuuend 
them,  they  will  only  he  thrown  into  the  heap  of  the 
observations  of  former  astronomers,  till  somebody  shall 
arise  that  by  perfecting  the  theory  of  the  moon  shall 
discover  your  observations  to  be  exacter  than  the  rrat; 


mplai. 


"  In  the  lame  atraio  we  find 
the  general  roleeofthettme.  For 
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of  his  general  dlipcel 
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but  when  that  shall  be,  God  knows ;  I  fear,  not  in 
your  lifetime,  if  I  should  die  before  it  is  done.  For 
I  find  this  theory  so  veiy  intricate,  and  the  theory  of 
gravity  so  necessary  to  it,  that  I  am  satisfied  it  will 
never  be  perfected  but  by  somebody  who  understands 
the  theory  of  gravity  as  well,  or  better  than  I  do.' 
He  obtained  from  hlamsteed  the  lunar  observfttiona 
for  which  he  applied,  and  by  using  these  he  framed 
the  Theory  of  the  Moon  which  is  given  aa  his  in  David 
Gregory's  AetronomuB  Elemenla.^  He  also  obtained 
frvm  Flamsteed  the  diameters  of  the  planets  as  observed 
at  various  timea,  and  the  greatest  elongations  of  Jupi- 
ter'a  Satellites,  both  of  which,  Flamsteed  says,  he  made 
use  of  in  hia  Pnneipia. 

Newton,  in  his  letters  to  n«msteed  in  1694  and  5, 
acknowledges  this  service.*"] 


t.  Trratiis 

pnUielied 
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e  modern 
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thepoblicatlon  of  Flanutf  ed'a  Ob-  Etro^  the  copies  ptjnled  b} 

lerratlou  took  place  at  a  liter  which   he  did.      In    1716,   after 

period.   Flamateedwlihedlahave  Flamiteed'a  death,  his  Kidaw  Hp 

hla  Obsarrations  prlnlsd  complete  piled   to  tbc  Vice-Chsncellor  0 

and   entire.    Halle;-,  who,  under  Oxford. reqaeallngthattheFDlunii 

the    Bnthoritf    of    hewtOQ    sod  printed  by  Ualley  might  be  re 

olhen,  had  the  manaEeniuit  of  movdloutoftheBodlelanLihrarj. 

the  printfDK,  made  many  altera,  where  it  exists,  as  being  '  nothing 

tlona  and  omiasions,  wblch  Flam,  more  than  an  erroueous  abridge- 

steed  con^ered  as  deforming  and  meot  of  Mr,  FUniileed-s  works.' 

spolUne  the  work.  Theadvaatages  and  unfit  to  tee  the  light. 
al  poblialiing  s  amplele  aeries  of 


CHAPTER  III. 


Sect.  i.^Qeneral  Remarks. 


THE  doctrine  of  iimversal  gravitation,  lite  otLar 
great  steps  in  science,  required  a.  certain  time  to 
make  its  -w&j  into  men's  minds ;  and  had  to  be  con- 
firmed, illuatrated,  and  completed,  by  the  labonis  of 
succeeding  philosophers.  As  the  discovery  itaelf  was 
great  beyond  former  example,  the  features  of  the 
natural  sequel  to  the  discovery  were  also  on  a  gigantic 
scale ;  and  many  vast  and  laborious  trains  of  research, 
each  of  which  might,  in  itself,  be  considered  as  forming 
a  wide  science,  and  several  of  which  have  occupied 
many  profound  and  zealous  inqnirera  from  that  time 
to  our  own  day,  come  before  us  aa  parts  only  of  the 
verification  of  Newton's  theory.  Almost  everything 
that  has  been  done,  and  is  doing,  in  astronomy,  falls 
inevitably  under  this  description;  and  it  is  only  when 
the  astronomer  travels  to  the  very  limits  of  his  vast 
field  of  laboiir,  that  he  falls  in  with  phenomena  which 
do  not  Eicknowlodge  the  jurisdiction  of  the  Newtonian 
legislation.  We  must  give  some  account  of  the  events 
of  this  part  of  the  history  of  astronomy;  but  our 
narrative  must  necessarily  be  exti-emely  brief  and 
imperfect;  for  the  subject  is  most  lai^  and  copious, 
and  our  limits  are  fixed  and  narrow.  We  have  here 
to  do  with  the  history  of  discoveries,  only  so  far  b&  it 
illustrates  their  philosophy.  And  though  the  astrono- 
mical discoveries  of  the  last  century  are  by  no  means 
poor,  even  in  interest  of  this  kind,  the  generalissations 
whidi  they  involve  are  far  Ibsh  important  for  our  object, 
in  consequence  of  being  incW4eA  to  a.  -^ifeNiovja  ^ewe- 
raMza,tion.     Newton  BbineB  out  bo  \)'c\^^^,  *&ia.\.  sfii. 


■who  follow  seem  faint  and  dim.  It  is  not  preciaely 
the  case  which  the  poet  describes; 

As  ID  a  theatre  tbe  e;es  of  men, 
Afl^  BOiue  well-graced  actor  [eaves  thg  atage. 
Are  idly  bent  oii  him  that  enters  neit, 
Thinking  Lib  prattle  to  be  tedioae  i 

but  our  eyes  are  at  least  leas  intently  bent  on  the 
astrononiei's  who  succeeded,  and  we  attend  to  their 
communications  with  less  curiosity,  because  we  tnow 
the  end,  if  not  the  course,  of  their  story;  we  know 
that  their  speeches  have  all  closed  with  Newton's 
sablime  declaration,  asserted  in  some  new  form, 

Btjll,  however,  the  account  of  the  verification  and 
exteDsion  of  any  great  discovery,  is  a  highly-important 
part  of  its  history.  In  this  instance  it  is  most  impor- 
tant; both  from  the  weight  and  dignity  of  the  theory 
concerned,  and  the  ingenuity  and  extent  of  the  methods 
employed:  and,  of  course,  so  long  as  the  Newtonian 
theory  still  required  verification,  the  question  of  the 
truth  or  iaisehood  of  such  a  grand  system  of  doctrines 
could  not  but  excite  the  most  intense  curiosity.  In 
what  I  have  said,  I  am  very  far  from  wishing  to  depre- 
ciate the  value  of  the  achievements  of  modern  astro- 
nomers, hut  it  is  essential  to  my  purpose  to  mark  the 
Bubordination  of  narrower  to  wider  truths,— the  dif- 
ferent character  and  import  of  the  labours  of  those 
who  come  before  and  after  the  promulgation  of  a 
master-truth.  With  this  wartiiug  I  now  j.roceed  to 
my  narrative. 


Sect.  : 


n  of  the  JVewlonian  TJieori/  in 
EnglaTid. 


There  appears  to  be  a  popular  persuasion  that  great 
discoveries  are  usually  received  with  a  prejudiced  and 
contentious  opposition,  and  the  authors  of  them 
neglected  or  persecuted.  The  reverse  of  this  was 
certainly  the  case  in  England  M-ith  regard  to  the  dis- 
coveries of  Newton.  As  we  have  already  seen,  even 
before  tbev  were  published,  they  were  \)Voc\amieA  V^ 
Halley  to  be  Bomething  of  ti-ansceudent  -v  " 
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from  the  mom&nt  of  their  appearance,  they  ranJj 
made  their  way  from  one  class  of  tliinkOTS  to  anotlu^    , 
nearly  as  fast  as  the  nature  of  nien's  iutellectiial  caps- 
city  allows.     Halley,  Wren,  and  all  the  leading  mem- 
bera  of  the  Royal  Society,  appear  to  have  embraced. 
the  ayatem  immediately  and  zealously.     Mmi  ' 
pursuits  had  lain  rather  in  literature  than  in  sc 
and  who  had  not  the  knowledge  and  habits  of 
which  the  strict  study  of  the  sjBtem  required,  adopted, 
on  the  credit  of  their  mathematical  friends,  the  highest 
estimation  of  the  Priwnpia,  and  a  strong  regard  for 
its  author,  as  Evelyn,  Locke,  and  Pepya.     Only  five 
years  after  the  publication,  the  principles  of  the  work 
were  referred  to  from  the  pulpit,  as  ao  incoutestably 
proved  that  they  might  be  made  the  basis  of  a  theolo- 
gical argument.     This  was  done  by  Dr.  Bentley,  when 
he  preached  the  Boyle's  Lectures  in  London,  in  169a, 
Newton  himself,  from  the  time  when  his  work  appeared, 
is  never  mentioned  except  in  terms  of  profound  ai'    ' 
ration;   aa,  for  instaiice,  when  he  is  called  by 
Bentley,  in  his  sermon,*  'That  very  excellent 
divine  theorist,   Mr.  Isaac  Newton.'     It    appean 
have  been  soon  suggested,  that  the  Govemment 
to  provide  in  some  way  tor  a  person  who  was 
an  honour  to  the  nation.     Some  delay  took  place  with 
regard  to  this;  but,  in  1695,  his  friend  Mr.  Montague, 
afterwards  Earl  of  Halifax,  at  that  time  Chancellor  of 
the  Exchequer,  made  him  Warden  of  the  Uint 
in  1699,  he  succeeded  to  the  higher  office  of  ~~ 
the  Mint,  a  situation  worth  1200I.  or  1500^.  a 
which  he  filled  to  the  end  of  his  life.     In  1703, 
became    President   of   the    Royal    Society, 
annually  re-elected  to  this  office  during  the 
twenty-five  years  of  his  life.    In  1705,  be  waaknigU 
in  the  Master's  Lodge,  at  Trinity  College,  by  Que 
Anne,  then  on  a  visit  to  the  university  of  Camliridge. 
After  the  accession  of  George  the  First,   Newton'i 
conversation  was  frequentily  sought  by  the  Princ«M^ 
afterwards  Queen  Caroline,  who  had  a  i'  ~ 


uunM 


an^^H 
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ktive  studies,  and  was  often  heard  to  declart;  in  public, 
thitt  she  thought  herself  fortunate  in  living  at  a  time 
which  enabled  her  to  enjo^r  the  society  of  so  great  a 
genius.  His  fame,  and  the  respect  paid  him,  went  on 
increasing  to  the  end  of  his  life;  and  when,  in  ijaj, 
full  of  years  and  glory,  his  earthly  career  waa  euded, 
his  death  waa  mourned  as  a  national  calamity,  with 
the  forms  usually  confined  to  royalty.  Hia  body  lay 
in  Btate  in  the  Jerusalem  ohamLier ;  his  [lall  was  borne 
by  the  first  nohles  of  the  land ;  and  hie  earthly  remains 
were  deposited  in  the  center  of  Westminster  Abbey, 
in  the  midst  of  the  memorials  of  the  greatest  and 
wisest  men  whom  England  has  produced. 

It  cannot  be  superfluous  to  say  a  word  or  two  on 
the  reception  of  his  philosophy  in  the  universities  of 
England!  These  are  often  represented  as  places  where 
bigotry  and  ignorance  resist,  as  long  as  it  is  possible  to 
resist,  the  invasion  of  new  trutha.  We  cannot  doubt 
that  such  opinions  have  prevailed  extensively,  when 
we  find  an  intelligent  and  generally  temperate  writer, 
like  the  late  Professor  Playfair  of  Edinburgh,  so  far 
possessed  by  them,  as  to  he  incapable  of  seeing,  or 
interpreting,  in  any  other  way,  any  facts  rcHpectiug 
Oxford  and  Cambridge,  Yet,  notwithstanding  these 
opinions,  it  will  be  found  that,  in  the  English  univer- 
sities, new  views,  whether  in  science  or  in  other  auh- 
jecta,  have  been  introduced  as  soon  as  they  were  clearly 
established; — that  they  have  been  diffused  from  the 
few  to  the  many  more  rapidly  there  than  elsewhere 
occnrs; — and  that  from  these  points,  the  light  of 
newly-discovered  truths  has  most  usually  spread  over 
the  land.  In  most  instances  undoubtedly  there  bos 
been  something  of  a  struggle  on  such  occasions,  bo- 
tween  the  old  and  the  new  opiuiooa.  Few  men's 
miiida  can  at  onee  shake  off  a  lamiliar  and  consistent 
system  of  doctrines,  and  adopt  a  novel  and  strange  set 
of  ptinciples  as  soon  as  presented :  but  all  can  see  that 
one  change  produces  many,  and  that  change,  in  itself, 
is  a  source  of  inconvenience  and  danger.  In  the  caws 
of  the  admisaioo  of  the  Newtonian  ojunioiiB  mto  Cattv- 
br/dgE  and  Oiford,  however,  there  are  no  ttaceB  e\tt^ 
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of  «  stragde-  Caitesitnisiii  had  never  struck  its  n 
de^  in  tliis  countiT;  Uutt  is,  the  peculiar  hypoUi 
of  Descarus.  Hm  CartesiaiL  books,  sucK,  for  insta 
as  that  of  Rohvilt,  were  indeed  in  nse;  and  with  g 
teaaoD ;  for  they  emtained  b;^  ^^  the  beat  ti 
most  of  the  physical  scieni!es,  sdcIi  aa  Mechanics,  E 
diDStatim.  Optics,  and  Formal  Astronomy,  which  co 
then  be  found.  But  I  do  not  conceive  that  the  '\ 
tioes  were  ever  dwelt  upon  as  a  matter  of  imports 
in  our  academic  teaching.  At  any  rate,  if  they  were 
bronght  among  ns,  they  were  soon  dissipated.  Newton's 
CoU^e,  and  hia  TJniTersity,  exalted  in  hia  fame,  and 
did  tfieir  utmost  to  honour  and  aid  him.  He  whs 
exempted  by  the  king  from  the  obligation  of  t^ng 
onlers,  under  which  the  fellovi^  of  Trinity  College  in 
general  are ;  by  his  college  he  was  relieved  from  all 
offices  which  might  interfere,  however  slightly,  with 
his  studious  emjiloymenta,  though  he  resided  within 
tiie  walk  of  the  society  thirty-five  years,  almost  with- 
out the  ittterruption  of  a  month.-  By  the  University 
he  was  elected  their  representative  in  parliameat  in 
1688,  and  again  in  1701 ;  and  though  he  was  rejected 
in  the  dissolution  in  1705,  those  who  opposed  him 
acknowledged  him^  to  be  'the  glory  of  the  University 
and  nation,'  but  considered  the  question  as  a  political 
one,  and  Newton  as  sent  '  to  tempt  them  from  their 
duty,  by  the  great  and  just  veneration  they  had  for 
him.'  Inatrumenta  and  other  memorials,  valued  because 
they  belonged  to  him,  are  stiU  preserved  in  hia  college, 
along  with  the  tradition  of  the  chambers  which  he 


The  moat  active  and  powerfiil  minda  at  Cambridge 
became  at  once  disciples  and  followers  of  Newton. 
Samuel  Clarke,  afterwards  hia  friend,  defended  in  the 
public  schools  a  thesis  taken  from  his  philosophy,  as 

'  His  name  ia  nowhere  found  on  ainn  l-rofcasor.     The  constioey  of 

the  ooll»Ke-book«,  M  appointed  to  hia  residence  in  college  appears 

my  ofthcofflceavrhloli  usual!  ypasa  from  the  txit  and  redit  book  of 

do«n  the  Hat  of  resldeni  fellows  in  that  time,  wblsh  is  still  presened. 

mlmlon.    ThlimlgblbBowVugVu  '  fc.v"»^\«-'^^»>''^^™iV>a^. 
p»n,  liowerer,  to  bi>  betns  Lucii- 
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early  as  1694;  and  in  1697  published  an  edition  of 
Hohault's  Fhysiet,  with  notM,  in  which  Newton  is 
frequently  referred  to  with  expressiona  of  profound 
respect,  though  the  leading  doctrinea  of  the  Ft-ineipia 
are  not  introduced  till  a  later  edition,  in  1703.  In 
1 699,  Bentley,  whom  we  have  already  mentioned  as  a 
Kewtoniao,  became  Master  of  Trinity  College ;  and  in 
tlie  aajne  year,  Whiaton,  anothei-  of  Newton's  disciples, 
was  appointed  his  deputy  as  profeaaor  of  mathematics. 
Whiston  delivered  the  Newtonian  doctrines,  both  from 
the  professor's  chair,  and  in  works  written  for  the  use 
of  rfie  University;  yet  it  is  remarkalile  that  a  taunt 
respecting  the  late  introduction  of  the  Newtonian 
system  into  the  Cambridge  course  of  education,  has 
been  founded  on  some  peevish  expressions  which  he 
uses  in  hia  Memoirs,  written  at  a  period  when,  having 
incurred  eipulaion  from  his  professorship  and  the 
University,  he  was  naturally  querulous  and  jaundiced 
in  his  views.  In  1709-10,  Dt.  Laughton,  who  was 
tutor  in  Clare  Hall,  procured  himeelf  to  he  appointed 
moderator  of  the  University  disputations,  in  order  to 
promote  the  difiiiaion  of  the  new  mathematical  doc- 
trinee.  By  this  time  the  first  edition  of  the  Prindpia 
was  become  rare,  and  fetched  a  great  price.  Bentiey 
urged  Newton  to  publish  a  new  one;  and  Cotea,  by  far 
the  first,  at  that  time,  of  the  mathematicians  of  Cam- 
bridge, undertook  to  superintend  the  printing,  and  the 
edition  was  accordingly  published  in  1713. 

[and  Ed.]  [I  perceive  that  my  accomplished  German 
translator,  Littrow,  has  incautiously  copied  the  insinua- 
tions of  some  modem  writers  to  the  effect  that  Clarke's 
reference  to  Newton,  in  his  Edition  of  Eohault's 
P/it/gics,  was  a  mode  of  introducing  Newtonian  doc- 
trines covertly,  when  it  was  not  allowed  him  to  intro- 
duce such  novelties  openly.  I  am  (juite  sure  that  any 
one  who  looks  into  this  matter  will  see  that  this  sup- 
position of  any  unwillingness  at  Cambridge  to  receive 
Newton's  doctrine  is  quite  absurd,  and  cau  prove 
nothing  but  the  intense  prejudices  of  those  who  main- 
tain sDch  aa  opinion.  Newton  received  and  \ie\d  \n% 
profeaaornbip  amid  the  unexampled  admiratioia  ot  oiV 


I 
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contemporary  members  of  the  Univeraity.     Whiaton, 
■who  IB  Bometimes  brought  as  an  evidence  against  dan- 
bridge  on  this  point,  says,  '  I  with  immense  pains  set 
myself  witli  the  utmost  zeal  to  the  study  of  Sir  Isaac 
Newton's   wonderful   discoveries  in   his   P/dhsophia 
ffeUttralis  P-riiu^pia  Mathemaiiva,  one  or  two  of  TshioltJ 
leclures  I  /tad  heard  him  read  in  llie  publiek  « 
though  I  understood  them  not  ftt  the  time.'     As  ti 
Rohault's  Phytica,  it  renlly  did  contain  the  best  n 
nical  pliiloBophy  of  the  time; — the  doctrines  whid) 
■were  held  by  Descartes  in  common  with  Galileo,  s 
■with  all  the  sound  mathematicians  who  succeeded  then 
Nor  does  it  look  like  any  great  antipathy  to  novelty 
in  the  University  of  Cambridge,  that  this  book,  whidi 
was  quite  as  novel  in  its  doctrines  aa  Newton's  Prin- 
eipia,  and  which  had  only  been  published  at  Faria  in 
1671,  had  obtained  a  firm  hold  on  the  Universifyia" 
leas  than  twenty  yeai^.     Nor  is  there  any  attempf 
made  in  Clarke's  notes  to  conceal  the  novelty  of  Ne\i 
ton's  discoveries,  but  on  the  contrary,  admiration  i| 
churned  for  them  as  new.  I 

The  promptitude  with  which  the  Mathematidans  d 
the  University  of  Cambridge  adopted  the  beat  parts  a 
the  mechanical  philosophyof  Descartes,  and  the  grea' 
philosophy  of  Newton,  in  the  seventeenth  oentn 
has  been  paralleled  in  our  o^wn  times,  in  the 
tudo  with  whicli  they  Lave  adopted  and  foiloired  ii 
their  consequences  the  Mathematical  Theory  of  Hei 
of  Fourier  and  Laplace,  and  the  Undulatory  Theory  d 
liight  of  Young  and  FresneL 

In  Newton's  College,  we  possess,  besides  the  n  _ 

rials  of  him  mentioned  above  (which  include  two 
locks  of  his  silver-white  hair),  a  paper  in  his  o^wn  hand- 
■writing,  describing  the  preparatory  reading  which  ■was 
necessary  in  order  that  our  Oolite  students  might  be 
able  to  read  the  Princijna.  I  have  printed  this  papCcU 
in  the  Freiace  to  my  Edition  of  the  First  Three  Seo^ 
tions  of  the  Principia  in  the  original  Latin  (1846),     *■ 

Bentley,  who  had  expressed  his  admiration  for  New^ 
ton  in  his  Boyle's  Lectures  in  1692,  ■was  made  Mast^fl 
of  the  College  in  1699,  aaWiEwe  sXaWi",  usA^afAia 
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no  doubt,  in  consequence  of  tlie  Newtontaii  a 
which  he  had  preached.  In  hi*  adiuiniutratioii  of  the 
College,  he  zealously  stimtdatud  ^nd  assistod  the  exer- 
tumB  of  Coten,  Whittton,  and  other  disciples  of  Newton. 
South,  Bentley's  successor  us  Master  of  the  College, 
erected  a  statue  of  Newton  in  the  College  Chapel  (a 
DoUe  worit  of  Boubiliac),  with  the  inacription,  Qui 
ymtM  htemaraum  ingenio  aupfa-avitA 

At  Osford,  David  Gregory  and  Halley,  both  zealous 
and  diatiuguished  disciples  of  Newton,  obtained  the 
Saviliftn  profeseoi'slups  of  aatronomy  and  geometry  in 
1691  and  1703. 

David  Gregory's  Aalrono-mio!  Phygicm  el  Geometrical 
Elementa  issued  from  the  Oxford  Prena  in  1701.  Tiie 
author,  in  the  first  sentence  of  the  Preface,  states  his 
object  to  be  to  explain  the  mechanics  of  the  universe 
(Physioa  Cwlestis),  which  Isaac  Kewton,  the  Prince 
of  Geometers,  has  carried  to  a  point  of  elevation  which 
all  look  up  to  with  adndratiou.  And  tliis  design  is 
executed  by  a  full  exposition  of  the  Newtonian  doc- 
trines and  their  results.  £eill,  a  pupil  of  Gregory, 
followed  his  tutor  to  Oxford,  and  taught  the  Newtonian 
philosophy  there  in  1700,  being  then  Deputy  Sedleian 
Profeaaor.  He  illuBtrated  his  lectures  |jy experiments, 
uid  published  an  Introduction  to  the  Principia  which 
is  not  out  of  use  even  yet. 

In  Scotland,  the  Newtonian  philosophy  was  accepted 
with  great  alacrity,  as  appears  by  the  instances  of 
David  Gregory,  and  Keill.  David  Gregory  whs  pro- 
fessor at  Edinburgh  before  he  removed  to  Oxford,  and 
was  succeeded  there  by  his  brother  James.  The  latter 
bad,  as  eaJ-ly  as  1690,  printed  a  thesis  containing,  in 
twenty-two  propositions,  a  cojn[)end  of  Newton's  I'rirtr 
c:ipia.*     Probably  these  were  intended  as  theses  for 


*  Bee  Hnttoni  Math.  Dkl..  «rt. 

of  the  b«t  books  on  the  anbject. 

Jamet    Gngory.       If   It    ftll   In 

The  late  ProfBWir  Ktg.nd's  HU- 

wiib  mj  plan  la  notice  derira- 

toriaU  E«au  on  l/ie  Firtt  PubUca- 

Uve    worki.    I    might    apcalt    of 

tioH  qf  Sir  Iianc  Unctoifl  ■  Prhf 

Uuliurin'j  admlnbje  ^aioimt  qf 

c/^B'COxf.iSiSlconlain&MiaieM 

ffiicarrriai.pab- 
7*S.     Tbia  la  gtm  uoe     i 
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academical  disputations ;  aa  Laughton  at  Cambridge 
introduced  the  Newtonian  philosophy  into  these  exer- 
cises. The  formula,  at  Cambridge,  in  use  till  veiy 
recently  in  these  dispntationa,  was  '  Becle  statuii  New 
tonus  de  Motu  Lwaasf  or  the  like. 

The  general  diffusion  of  these  opinions  in  England 
took  place,  not  only  by  meana  of  books,  but  througk 
the  labours  of  various  experimental  lecturers,  lie 
Deaaguliera,  who  removed  from  Oiford  to  LoDdoii  in 
1713;  when  he  informs  ua,^  that  ' he  found  the  NeWn 
tonian  philosophy  generally  received  among  persons  flj 
all  ranks  and  professious,  and  even  among  the  Iftdieali; 
the  help  of  experiments,' 

We  might  easily  trace  in  our  literature  indicataons 
of  the  gradual  progreas  of  the  Newtonian  doctrines. 
For  instance,  in  the  earlier  editions  of  Pope's  ilunctm^ 
this  couplet  occurred,  in  the  description  of  the  efia^ 
of  the  reign  of  Duluess : — 


like 


'  And  this,'  aaya  his  editor,  Warbuxton,  '  was  intended 
as  a  censure  on  the  Newtonian  philosophy.  I"or  the 
poet  had  been  misled  "by  the  prejudices  of  foreigners, 
as  if  that  philosophy  had  recurred  to  the  occult  quali- 
ties of  Aristotle.  ITiiB  was  the  idea  he  received  of  it 
from  a  man  educated  much  abroad,  who  had  read 
everything,  but  eveiything  superficially.*  Whea  I 
hinted  to  him  how  h.e  had  been  imposed  upon,  he 
changed  the  lines  with  great  pleasure  into  a  compli- 
ment (as  they  now  stand)  on  that  divine  genius,  and  a 
satire  on  that  very  folly  by  which  he  himself  I  '  " 
misled.'     In  1743  it  was  printed, 


The  Newtonians  repelled  the    chaise  of  dealing  i; 
occult  causes  ;'  and,  referring  gravity  to  the  will  of  IJ 
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Deity.  as  the  First  Oauae,  asairmed  a  superiority  over 
those  whose  philosophy  rested  in  second  causes. 

To  the  cordial  receptioa  of  the  Kewtonian  theory  by 
the  English  astronomers,  there  is  only  one  conspicuous 
exceptioD ;  which  is,  however,  one  of  some  note,  being 
no  other  than  Plamsteed,  the  Astronomer  Royal,  a, 
most  laborious  and  exact  ohserver.  Flamsteed  at  first 
listened  with  complacency  to  tie  promises  of  improye- 
mente  in  the  Lunar  Tables,  which  the  new  doctrines 
held  forth,  and  was  willing  to'  assist  Newton,  and  to 
receive  assistance  from  him.  But  after  a  time,  he  lost 
his  respect  tor  Newton's  theory,  and  ceased  to  take  any 
interest  in  it.  He  then  declared  to  one  of  his  corre- 
adents,*  '  I  have  determined  to  lay  these  crotchets 
Isaac  Newton's  wholly  aside.'  We  need  not, 
find  any  difficulty  in  this,  if  we  recollect  that 
though  a  good  observer,  waa  no  philosopher ; 
ideratood  by  a  Theory  anything  more  than 
a  Formula  which  should  predict  results;- — and  was 
incapable  of  comprehending  the  object  of  Newtou's 
tjieory,  which  waa  to  assign  causes  as  well  as  niles,  and 
to  satisfy  the  conditions  of  Mechanics  as  well  as  of 
Geometi^. 

[and  Ed.]  [I  do  not  see  any  reason  to  retract  what 
vas  thus  said ;  hut  it  ought  perhaps  to  he  distinctly  said 
fllat  on  these  very  accounts  Flamsteed's  rejection  of 
Kewton'e  rules  did  not  imply  a  denial  of  the  doctrine 
of  gravitation.  In  the  letter  above  quoted,  Flarasteed 
says  that  he  has  been  employed  upon  the  Moon,  and 
that  'The  heavens  reject  that  equation  of  Sir  I,  New- 
ton which  Gregory  and  Newton  caUed  his  sixth :  I  had 
then  [when  he  wrote  before]  compared  hut  72  of  my 
observations  with  the  tables,  now  I  have  examined 
above  100  more.  I  find  them  all  firm  in  the  same, 
and  the  seventh  [equation]  too.'  And  thereupon  he 
comes  to  the  determination  above  stated. 

At  an  earlier  period  Flamateed,  as  1  have  said,  had 
received  Newton's  su^estiona  with  great  deference,  and 
had  regulated  his  own  observations  and  theories  with 


'  ^ilj-'i  AccomU  qf  FliHiatcfd,  4c.,  p.  Jo9, 


154       niSTORT  OP   PUT8ICAL  ASTROITOKT. 

reference  to  them.     The  calculation  of  the  lunar  inft^ 
qualities  upon  the  theory  of  graTitation  waa  found  by 


N. 


e  difficult 


ewtou  and  his  succeesora  b 
laborious  task  than  he  had  anticipated,  e 
fonned  without  several  trials  and  erroura.  One  of  the 
equations  waa  at  first  published  (in  Gregory's  Aftrmto- 
miie  Elfiinenla)  with  a  ^rong  sign.  And  when  Newton 
had  done  all,  Flamsteed  found  that  the  rules  were  fer 
from  coming  up  to  the  degree  of  accuracy  which  hid 
been  claimed  for  them,  that  they  could  give  the  dunu^Il 
place  true  to  2  or  3  minutes.  It  was  not  till  c 
ably  later  that  this  amount  of  exactness  was  attainedi.  ■ 

The  late  Mr.  Baily,  to  whom  astronomy  and  a 
nomioal  literature  are  so  deeply  indebted,  in '  ' 
plemeTil  to  t/ie  Account  0/  Flamsteed,  haa  < 
with  great  care  and  great  candour  the  aseertion  IJ 
Flamsteed  did  not  understand  Newton's  Theory.  He 
remarks,  very  justly,  that  what  Newton  himaslf  at 
first  presented  as  his  Theory,  might  more  properly  be 
called  Euleg  for  computing  lunar  tables,  than  a  physioil 
Theory  in  the  modern  acceptation  of  the  term.  He 
shows,  too,  that  Fliuosteed  had  read  the  Prineipia 
with  attention,*  Nor  do  I  doubt  that  many  consider- 
able mathematicians  gave  the  same  imperfect  aaaentto 
Newton's  doctiine  which  Flamsteed  did.  But  when 
■we  find  that  others,  &a  Halley,  David  Gregory,  and 
Cot^,  at  once  not  only  saw  in  the  doctrine  a 
true  formula,  but  also  a  magnificent  physical  discove 
we  are  obliged,  I  tliink,  ta  make  Flamsteed,  in  t 
respect,  an  exception  to  the  first  class  of  astronom 
of  his  own  time. 

Mr.  Bajly'a  suggestion  that  the  annual  eqnationa 
for  the  corrections  of  the  lunar  apogee  and  node  were 
collected  from  Flamsteed's  tables  and  observations 
independently  of  their  suggestion  by  Newton  a 
results  of  Theory  {liiq>p.  p,  692,  Note,  and  p. 
appears  to  me  not  to  be  adequately  supported  b 


in  tUM 


evidence  given.] 
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Sect.  3. — Reeeptionoftha  Newtonian  Theory  abroad. 

The  reception  of  the  NewtoniMi  theory  on  the  Coiiti- 
Dent,  was  much  more  tardy  and  unwilling  than  in  its 
native  island.  Even  those  whose  mathematical  attain- 
ments most  fitted  them,  to  appreciate  its  proofs,  were 
prevented  hy  some  peculiarity  of  view  from  adopting 
it  as  a  system;  as  Leilmitz,  Bernoulli,  Huygliens; 
who  all  clung  to  one  modification  or  other  of  the 
^etem  of  vortices.  In  France,  the  Cartesian  system 
had  obtained  a  wide  and  popular  reception,  bavijig 
been  recommended  by  Fontenelle  with  the  graces  of 
his  style;  and  its  empire  was  so  firm  and  well  esta- 
blished in  that  country,  that  it  resisted  for  a  long  time 
the  pressure  of  Newtonian  arguments.  Indeed,  the 
Newtonian  opinions  hod  scarcely  any  disciples  in 
Franoe,  till  Yoltaii*e  auserted  their  claims,  on  his 
return  from  England  in  1738;  until  tlien,  as  he  him* 
aelf  says,  there  were  not  twenty  Newtonians  out  of 
England. 

The  hold  which  the  philosophy  of  Descartes  ba<l 
upon  the  minds  of  his  countrymen  is,  perbapa,  not 
earprndng.  He  really  liad  the  merit,  a  great  one  in 
the  bintory  of  science,  of  having  completely  overturned 
the  Aristotelian  system,  and  introduced  the  philosophy 
of  matter  and  motion.  In  all  branches  of  mixed 
mathematica,  as  we  have  already  said,  bis  followers 
vera  the  best  guides  who  ha<l  yet  appeared.  His  hypo- 
tiiesia  of  vortices,  as  an  explanation  of  the  celestial 
motions,  had  an  apparent  advantage  over  the  Newto- 
nian doctrine,  in  this  respect; — that  it  referred  effecta 
to  the  most  intelligible,  or  at  least  most  familiar  kinds 
of  mecbanicul  causation,  namely,  pressure  and  impulse. 
And  above  all,  the  system  was  acceptable  to  most 
iniuds,  in  consequence  of  being,  aa  was  pretended, 
deduced  from  a  few  simple  principles  by  necessaiy 
consequences ;  and  of  lieing  also  directly  connected 
with  metaphysical  and  theological  8]}eculations.  We 
taay  add,  that  it  was  modifieJ  by  its  mat\ieii\at\ca\ 
adberenta  in  such   a,   way  aa   to    remove  moat  oi  t\lft 
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objections  to  it.     A  vortex  revolving  about  a  center     1 
could  be  canHtructed,  or  at  least  it  was  supposed  tiut     j 
it  could  be  constructed,  so  as  to  produce  a,  tendency  of    1 
bodies  to  the  center.     In  all  oases,  therefore,  where  1 
central  force  acted,  a  vortex  was  supposed ;   but  in     ' 
reasoning  to  the  results  of  this  bypothesis,  it  was  easy 
to  leave  out  of  sight  all  other  effects  of  the  vortes,  and 
to  consider  only  the  central  force;   and  when  this  wna 
done,  the  Cartesian  inathematician  could  apply  to  hia 
problems  a  nieohaiiical  principle  of  some  degree  of  con- 
sistency.     This  reflection  will,  in  some  degree,  account 
for  what  at  first  aeems  so  strange ;— the  fact,  that  the 
language  of  the  French  mathematicians  is  Cartesian, 
for  almost  half  a  century  after  the  publication  of  the 
Princvpia  of  Newton. 

There  was,  however,  a  controversy  between  the  two 
opinions  going  on  all  this  time,  and  every  day  showed 
the  insurmountable  difficulties  under  which  the  Carte- 
sians laboured.  Newton,  in  the  Pn'ndjria,  Lad  inserted 
a  series  of  propositions,  the  object  of  which  was  to 
prove,  that  the  machinery  of  vortices  could  not  be 
accommodated  to  one  part  of  the  celestial  phenomena, 
without  contradicting  another  part.  A  more  obvious 
difficulty  was  the  case  of  gravity  of  the  earth;  if  this 
force  arose,  as  Descartes  asserted,  from  the  rotation  of 
the  earth's  vortex  atout  ita  axis,  it  ought  to  tend 
directly  to  the  axis,  and  not  to  the  center.  The 
asserters  of  vortices  often  tried  their  still  in  remedy- 
ing this  vice  in  the  hypothesis,  but  never  with  much 
success.  Huyghens  supposed  the  ethereal  matter  of 
the  vortices  to  revolve  about  the  center  in  all  direc- 
tions; Perrault  made  the  strata  of  the  vortex  increase 
in  velocity  of  rotation  as  they  recede  from  the  center; 
Saurin  maintained  that  the  circumambient  resistance 
which  comprises  the  vortex  will  produce  a  pressure 
passing  through  the  center.  The  eUiptic  form  of  the 
orbits  of  the  planets  was  another  difficulty.  Descartes 
had  supposed  the  vortices  themselves  to  be  oval ;  but 
others,  as  John  Bernoulli,  contrived  ways  of  having 
riJifitical  motion  in  a,  ciiculwc  \oTtes., 
Tie  mathematicaV  ipiiie-t^iee^i^-oa  ^nro^owSi  \s^  ■&* 
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FreDch  Academy,  naturally  brought  tlie  two  sets  of 
opiuiotu  into  conflict  The  Cartesian  Memoir  of  Jobn 
Bernoulli,  to  which  we  have  just  referred,  was  the  one 
which  gained  the  prize  in  1730.  It  not  nnfrequently 
happened  that  the  Academy,  as  if  desironB  to  ahow  its 
impartiality,  divided  the  prize  between  CarteaiaiiB  and 
Newtonians.  Thua  in  1734,  the  question  being,  the 
cause  of  the  Inclination  of  the  orbits  of  the  planets, 
the  prize  was  shared  between  John  Bernoulli,  whose 
Memoir  was  founded  on  the  system  of  voi-ticea,  and 
his  son  Dauiel,  who  was  a  Newtonian.  The  last  act 
of  homage  of  this  kind  to  the  Cartesian  system  was 
performed  in  1740,  wlien  the  prize  on  the  question  of 
the  Tides  was  distributed  between  Daniel  BemouUi, 
Euler,  Maclaurin,  and  Cavallieri ;  the  last  of  whom 
had  tried  to  patch  up  and  amend  the  Caiteaian  hypo- 
thesis on  this  subject. 

Thua  the  Newtonian  system  was  not  adopted  in 
France  till  the  Cai-tesian  generation  had  died  oH'; 
Foatenelle,  who  waa  secretary  to  the  Academy  of 
Sciences,  and  who  lived  till  1756,  died  a  Cartesian. 
There  were  exceptions;  for  instance,  Delisle,  an  astro- 
nonier  who  waa  selected  by  Peter  the  Great  of  Russia, 
to  found  the  Academy  of  St.  Petersburg;  who  visited 
England  in  1724,  and  to  whom  Newton  then  gave  his 
picture,  and  Halley  his  Tables.  But  in  general, 
during  the  interval,  that  country  and  this  had  a 
national  difference  of  creed  on  physical  subjects.  Vol- 
taire, who  viaited  England  in  i  Ja7,  notices  this  differ- 
ence in  his  lively  manner.  '  A  Frenchman  who  arrivea 
in  London,  fintU  a  great  alteration  in  philosophy,  as  in 
other  things.  He  left  the  world  full  [a  plenum^,  he  finds 
it  empty.  At  Paris  you  see  the  universe  composed  of 
vortices  of  subtile  matter,  in  London  we  see  nothing 
of  the  kind.  "With  you  it  is  the  pressure  of  the  moon 
which  causes  the  tides  of  the  sea,  in  Englaod  it  is  the 
lea  which  gravitates  towarils  the  moon;  so  that  when 
you  think  the  moon  ought  to  give  us  high  water,  these 
gentlemen  believe  that  you  ought  to  have  low  water ; 
which  unfortunately  we  cannot  teat  by  eicYievieiice  ■, 
Jixrin  order  to  do  that,  we  should  have  exammei  ftift 
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Moon  and  the  Tides  at  the  moment  of  the  erealjoc. 
You  will  observe  alao  that  the  sun,  which  in  Frani* 
haa  nothing  to  do  with  the  busineas,  here  cornea  in  for 
a  quarter  of  it.  Among  fou  Cartesians,  all  ia  done  b^ 
an  impulsion  which  one  does  not  well  unilerstand; 
with  the  Newtonians,  it  is  done  by  an  attraction  rf 
which  we  know  the  cause  no  better.  At  Paris  yon 
fancy  the  earth  shaped  like  a  melon,  at  Loudon  it  it 
flattened  on  the  two  sides.' 

It  was  Yoltaire  himself,  as  we  have  said,  who  «u 
mainly  instrumental  in  giving  the  Newtonian  doctrine* 
currency  ia  France.  He  was  at  first  refused  pennifr 
aion  to  prm.tbi»£!lemeniso/ihe^eirtonian  Fhilosophy, 
by  the  chancellor,  D'Aguesseaux,  who  was  a  OarteMan; 
but  after  the  appearance  of  this  work  in  1738,  and  of 
other  writings  by  him  on  the  same  subject,  the  Ctf- 
tesian  edifice,  already  without  real  support  or  «ii- 
aistency,  crumbled  to  pieces  and  disappeared,  litt 
first  Memoir  in  the  TraTisaeliont  of  l&e  French  Ata- 
demy  in  which  the  doctrine  of  central  force  is  applied 
to  the  solar  system,  is  one  by  the  Chevalier  de  Louvills 
in  jjao,  Onthe  Construction  and  Theory  of  Tableti^ 
the  Sun.  In  this,  however,  the  mode  of  explaining 
the  motions  of  the  planets  by  means  of  an  crigiiitl 
impulse  and  an  attratrtive  force  ia  attributed  to  Kepler, 
not  to  Newton.  '.The  first  Memoir  which  refers  to  tls 
universal  gravitation  of  matter  is  by  Maupertuis,  in 
1736,  But  Newton  was  not  unknown  or  despised  in 
Eranoe  till  this  time.  In  1699  he  was  admitted  oa< 
of  the  very  small  number  of  foreign  associates  of  tliB 
French  Academy  of  Sciences.  Kven  Fontenelle,  wbOr 
as  we  have  said,  never  adopted  his  opinions,  spoke  of 
him  in  a  worthy  manner,  in  the  Eloge  which  he  ootn' 
posed  on  the  occasion  of  his  death.  At  a  much  eirli" 
period  too,  Fontenelle  did  homage  to  his  fame.  Th» 
following  passage  refers,  I  presume,  to  Newton.  '" 
the  History  of  the  Academy  for  1 7  08,  which  is  written 
by  the  secretary,  he  says,'"  in  referring  to  the  difficult 
which  the  comets  occasion  in  the  Cartesian  hyputheBta: 


.  nos.? 
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'  We  might  relieve  ourselves  at  once  from  all  the  em- 
b&rrasament  which  arises  from  the  directions  of  these 
motions,  by  supprBssiiig,  as  has  been  done  by  one  of  the 
greatest  t/eniuses  of  Sts  age,  all  this  immenae  fluid 
matter,  which  we  commonly  suppose  betweea  the 
planets,  and  conceiving  them  suspended  in  a  perfect 

Comets,  as  the  above  passage  implies,  were  a  kind 
of  artillery  which  the  Cartesian  plenum  could  not 
reast.  WTien  it  appeared  that  the  paths  of  such  wan- 
derers traversed  the  vortices  in  all  directions,  it  w«a 
imposaible  to  maintain  that  these  imaginary  currents 
governed  the  movemeiitB  of  bodies  immersed  in  them; 
und  the  meohnnism  abased  to  have  any  real  efficacy. 
Both  these  phenomena  of  comets,  and  many  others, 
became  objects  of  a  stronger  and  more  general  interest, 
in  consequence  of  the  controversy  between  the  rival 
parties;  and  thus  the  prevalence  of  the  Cartesian 
aifstem  did  not  seriously  impede  the  progress  of  sound 
^owledge.  In  some  cases,  no  doubt,  it  made  men 
UDwilling  to  receive  the  truth,  as  in  the  instance  of 
the  deviation  of  the  comets  fi-om  the  zodiacal  motion ; 
and  again,  when  Romer  diacovared  that  light  was  not 
inEtantaneousIy  pro|)agated.  But  it  encouraged  obser- 
YBtton  and  caiculatioUj  and  thus  forwarded  the  verifi- 
cation and  extension  of  the  Newtonian  system;  of 
wliich  process  we  m.ust  now  consider  some  of  the 
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CHAPTER  rV. 

Sequel  to  the  Epoch  of  Newton,  cosninjED.—  I 
Verification  and  Cokplption  of  the  Nbww-  \ 
NiAN  Theobt. 

SecL  I. — Division  of  the  Sribjeet. 

THE  verification  of  the  Law  of  UniverBal  GixviU- 
tion  as  the  governiag  principle  of  all  cosmical  pKe- 
nomena,  led,  an  we  have  already  stated,  to  a  number  o( 
different  lines  of  research,  all  long  and  difficult.  Of 
these  we  may  treat  succeaaively,  the  motioiis  of  the 
Moon,  of  the  Sun,  of  the  Planeta,  of  the  Satellitca,  of 
Cometa;  we  may  also  consider  separately  the  Secular 
Inequalities,  which  at  first  aight  appear  to  follow  a 
different  law  from  the  other  changes;  we  naay  then 
(ipeak  of  the  results  of  the  principle  as  they  affect  tliis 
Earth,  in  its  Figure,  in  the  amount  of  Gravity  at  dif- 
ferent places,  and  in  the  phenomena  of  the  Tides. 
Each  of  these  subjects  has  lent  its  aid  to  confirm  the 
general  law;  but  in  each  the  confirmation  has  had  its 
peculiar  difficulties,  and  has  its  separate  history.  Out 
sketeh  of  tliia  history  must  be  vei-y  rapid,  for  our  aim 
is  only  to  show  what  is  the  kind  aud  course  of  the  con- 
firmation which  such  a  theory  demands  and  receives. 

For  the  same  reason  we  pass  over  many  events  of 
th'B  period  which  are  highly  important  in  the  history 
of  astronomy.  They  have  lost  much  of  their  interest 
for  us,  and  even  for  common  readers,  because  they  are 
of  a  class  with  which  we  are  already  fiimiliar,  truths 
included  in  more  general  truths  to  wliich  our  eyes  now 
most  readily  turn.  Thus,  the  discovery  of  new  satel- 
lites and  planeta  is  but  a  repetition  of  what  was  done 
by  Galileo:  the  determination  of  their  nodes  and 
apses,-  the  reduction  of  their  motions  to  the  law  of  the 
eUipae,  is  but  a  freak  exfltn^^ifisaNiuiQ.  cS.  'fiinfe  4^iaQCis«iw% 
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of  Eepler,  Otherwise,  the  formation  of  Tahlei  of  the 
utellites  of  Jupiter  and  Saturn,  the  diiicovety  of  the 
eccentricities  of  the  orbits,  and  of  the  motions  of  the 
nodea  and  apsea,  by  Cassiiii,  HaJley,  and  othera,  w^uld 
rank  with  the  grest  Bchievemt-nts  in  astronomy. 
Newton's  peculiar  advance  iu  th«  Tallei  of  the  ceI<fstiaJ 
motions  is  the  introduction  of  Perturbations.  To  these 
motions,  so  affected,  we  now  proceed. 

Seel.  3. — Application  of  the  NetoUmian  Tlieory  to  Out 

Thx  Motions  of  the  Moon  may  be  first  spoken  of.  as 
ihe  most  obvious  and  the  moat  important  of  the  appli- 
cations of  the  Newtonian  Theory.  The  verification  of 
rach  a  theory  consists,  as  we  i&ve  seen  in  previous 
<»aes,  in  the  construction  of  Tables  derived  from  the 
theory,  and  the  comparison  of  these  with  obsen-ntton. 
The  advancement  of  astronomy  would  alone  have  t)een 
a  sufficient  motive  for  this  labour;  but  there  were 
other  reasons  which  urged  it  on  with  a  stronger  ira- 
pnlse.  A  perfect  Lunar  Theory,  if  the  theory  could  be 
pwfect«d,  promised  to  sujiply  a  method  of  finding  the 
Longitude  of  any  place  on  the  earth's  surface ;  and  thus 
the  verification  of  a  theory  which  professed  to  be  com- 
plete in  its  foundations,  was  identitied  with  an  object 
of  immediate  practical  use  to  navigatoi-s  and  geogra- 
phers, and  of  vast  acknowledged  value.  A  good 
method  for  the  near  discovery  of  the  longitude  bud 
been  estimated  by  nations  and  princes  at  lai^e  sums  of 
money.  The  Dutch  were  willing  to  tempt  Galileo  to 
this  tAsk  by  the  ofier  of  a  chain  of  gold :  Philip  the 
Third  of  Spain  had  promised  a  reward  for  this  object 
Btill  earlier;'  the  parliamentof  England,  in  17  I4,  pro- 
posed a  recompence  of  jo,ooo^.  sterling;  the  Regent 
Duke  of  Orleans,  two  years  afterwards,  offered  100,000 
francs  for  tlie  same  purpose.  These  prizes,  added  to 
the  love  of  truth  and  of  fame,  kept  this  object  con- 
stantly before  the  eyes  of  mathematicians,  during  the 
first  half  of  the  last  century, 

'  JW,  A.  it.  i.  JO,  oa. 
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If  the  Tables  could  te  bo  constructed  as  to  represenl 
the  mooa'a  real  place  in  the  heavena  with  extreme 
precifiion,  an  it  would  be  seen  from  a  aCandard  obser- 
vatory, the  observation  of  her  apparent  place,  as  seen 
from  any  other  point  of  the  earth's  surface,  wonid 
enable  the  observer  to  find  his  longitude  from  the 
standard  point.  The  motions  of  the  moon  had  hitherW 
so  ill  agreed  with  the  best  Tables,  that  this  method 
failed  altogether.  Newton  had  discovered  the  ground 
of  this  want  of  agreement.  He  had  shown  that  the 
name  force  which  produces  the  Evection,  Variation, 
and  Annual  Equation,  must  produce  alfto  a  long  series 
of  other  Inequalities,  of  various  maj;nitudes  and  cycles, 
which  perpetually  drag  the  moon  before  or  behind  tha 
place  where  she  would  be  sought  by  an  astronomer 
■who  knew  only  of  those  principal  and  notorious  in- 
equalities. But  to  calculate  and  apply  the  new  in- 
equailtien,  was  no  sliglit  undertaking. 

In  the  fii-at  edition  of  the  Prindpia  in  1687,  New- 
ton had  not  given  any  calculationa  of  new  iQe<:[ualities 
affecting  the  longitude  of  the  moon.     But  in  David 
Gregory's  EUnterUs  of  Phi/sicat  and  Geometrical  Astro- 
nom^,  published  in  T^oa,  is  inserted^  '  Newton's  Lunar 
Theory  as  applied  by  him  to  Practice;'  in  which  tiis, 
gr^t  discoverer  has  given  the  results  of  hia  calcul 
tions  of  eight  of  the  lunar  Equations,  their  quantil' 
epochs,   and  periods.     The^e  calculations  were  for 
long  period  the  basis  of  new  Tables  of  the  Moon,  whidi 
were  published  by  various  persons;*  as  by  Del  isle  in 
17TS  or   1716,  Grammatici  at  Ingoldstadt  in  1726, 
Wright  in  1732,  Angelo  Cajielli  at  Venice  in  1733, 
Dunthome  at  Cambridge  in  1739. 

Plamstced  had  given  Tables  of  the 
Horrojt'a  theory  in  168  i,  and  wished  to  improve  theni| 
and  though,  as  we  have  seen,  he  would  not,  or  could 
not,  accept  Newton's  doctriuea  in  their  whole  extent, 
Newton  communicated  his  theory  to  the  observer  in 
the  shape  in  which  he  could  understand  it  and  use  it:^ 
and  Flamsteed  employed  these  directions  ' 
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ing  new  Lunar  Tables,  vbicli  he  calied  his  Theory.^ 
These  Tables  were  not  publialied  till  loDg  aft«r  his 
death,  by  Le  Montderat  Paris  in  1746,  They  are  said, 
by  Lalande,^  not  to  differ  much  from  Halley's.  Halley'a 
Tables  of  the  Moon  were  pnnt«d  in  1719  or  1720, 
bnt  not  published  till  after  his  death  in  1749.  They 
had  been  founded  on  Flamsteed's  observatiouB  and  hu 
own;  and  when,  in  1720,  Halley  succeeded  Flanisteed 
in  the  post  of  Astroaomer  Royal  at  Greenwich,  and 
conceived  that  he  had  the  means  of  much  improving 
what  he  liad  done  before,  he  began  by  printing  what 
he  had  already  executed.^ 

But  Hall<^y  had  long  proposed  a  method,  different 
from,  that  of  Newton,  but  marked  by  great  ingenuity, 
for  amending  the  Lunar  Tables.  He  proposed  to  do 
this  by  the  use  of  a  cycle,  which  we  have  mentioned 
as  one  of  the  earliest  discoveries  in  astronomy; — the 
Period  of  2J3  lunations,  or  eighteen  years  and  elecen 
days,  the  ClutJdean  Saros.  This  period  was  anoiently 
used  for  predicting  the  eclipses  of  the  sun  and  moon; 
for  those  eclipses  which  happen  during  this  period,  are 
repeated  again  in  the  same  order,  and  with  nearly  the 
nme  circumstances,  after  the  expiration  of  one  such 
period  and  the  commencRment  of  a  second.  The  ri 
of  this  is,  that  at  the  end  of  such  a  cycle,  the  mo 
in  nearly  the  same  position  with  respect  to  the  sun, 
ber  nodes,  and  her  apogee,  as  she  was  at  first;  and  ia 
only  a  few  degrees  distant  from  the  same  part  of  the 
hearens.     But  on  the  strength  of  this  consideration. 
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Halley  conjectured  that  all  the  iiregularitiefi  of  twn^ 
mooij'B  motion,  however  complex  they  may  be,  would 
recur  after  such  an  iutei-val;  and  that  therefore,  if  tbe 
requisite  corrections  -were  determined  by  observation 
for  one  such  jieriod,  we  might  by  means  of  them  give 
accuracy  to  the  Tallies  fur  all  succeeding  periods.     This 
idea  oceuned  to  hiui  before  he  wtis  acquainted  with 
Newton's  views.*    After  the  lunar  theory  of  the  /"rin- 
cipia  had  appeared,  he  could  not  help  seeing  that  the 
idea  was  coutirmed ;  for  the  inequalities  of  the  moon's     1 
motion,  which  arise  from  the  attraction  of  the  snn,     | 
will  depend  on  her  positions  with  regard  to  the  suu, 
the  apogee,   and  the   node;  and   therefore,  however     I 
nnmeroiis,  will  recur  when  these  positious  recur. 

Halley  announced,  in  1691,*  his  intention  of  follow- 
ing this  idea  into  practice;  in  a  paper  in  which  he 
corrected  t!ie  text  of  three  passages  in  Pliny,  in  which 
this  pitriod  is  mentioned,  and  fi-om  which  it  is  some- 
times called  the  Plinian  period.  In  1710,  in  the  pre- 
face to  a  new  edition  of  Street's  Caroline  Tables,  he 
stated  that  ho  had  already  confirmed  it  to  a  consider- 
able extent.'*'  And  even  after  Newton's  theory  had 
been  applied,  he  stiU  resolved  to  use  his  cycle  as  a 
means  of  ohtainiug  further  accuracy.  On  succeeding 
to  the  Observatory  at  Greenwich  in  1720,  he  was 
further  delayed  by  finding  that  the  instruments  hod 
belonged  to  Flamstoed,  and  were  removed  by  his  exe- 
cutora  'And  this,'  h«  says.''  '  was  the  more  grievous 
to  me,  on  account  of  iny  advanced  age,  being  then  in 
my  sixty-fourth  year;  which  put  me  past  all  hopes  of 
ever  living  to  see  a  complete  period  of  eighteen  years' 
observation.  Bnt,  thanks  to  God,  he  has  been  pleased 
hitherto  (in  1731)  to  afford  me  sufficient  health  and 
strength  to  execute  my  office,  iu  all  its  parts,  with  my 
own  hands  and  eyes,  without  any  assistance  or  inter- 
ruption, during  one  whole  period  of  the  moon's  apogee, 
which  period  is  performed  in  somewhat  leai  than  nine 
yeara.'     He  found   the  agreement   very  I'emarkahle, 
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and  conceived  hopes  of  attaining  the  great  object,  of 
finiliag  the  Longitnde  with  the  requisite  degree  of 
exactness;  nor  did  he  give  up  his  labours  on  this  sub- 
ject till  he  had  completed  his  Plinian  period  in  1739. 

The  accuracy  with  which  Halley  ttonceived  himself 
able  to  predict  the  moon'a  place'^  waa  within  two 
minutes  of  space,  or  one  fifteenth  of  the  breadth  of  the 
moon  lierself.  The  accuracy  required  for  obtaining 
the  national  reward  was  considurabjy  greater.  Lo 
Monnier  pursued  the  idea  of  Halley.'^  But  before 
Halley's  method  had  been  completed,  it  wob  aujier- 
seded   by  the   more  direct  prosecution  of  Newton's 

We  have  already  remarked,  in  the  history  of  analy- 
tical mechanics,  that  in  the  Lunar  Theory,  considered 
■a  one  of  the  caaea  of  the  Problem  of  Three  Bodies, 
no  advance  was  made  beyond  what  Newton  had  done, 
till  inathematiciaua  threw  aside  the  Newtonian  arti- 
fices, and  applied  the  newly-developed  generalizations 
of  the  analytical  method.  The  first  great  apparent 
deficiency  in  the  agreement  of  the  law  of  universal 
gravitation  with  astronomical  observation,  was  removed 
by  Glairaut's  improved  approximation  to  the  theo- 
retical Motion  of  the  Moon'tt  Apogee,  in  1750;  yet  not 
till  it  had  caused  so  much  disquietude,  that  Oairaut 
himself  had  suggested  a  modification  of  the  law  of 
attraction;  and  it  was  only  in  tracing  the  consequences 
of  this  suggestion,  that  he  fnnnd  the  Newtoniau  law 
of  the  inveree  square  to  be  that  which,  when  rightly 
developed,  agreed  with  the  facta.  Euler  solved  the 
problem  by  the  aid  of  his  analysis  in  1743,'*  and  pub- 
lished Tables  of  the  Moon  in  1546.  His  tables  were 
not  very  accurate  at  first  ;'*  buC  ho,  D'Alembcrt,  and 
Clairaut,  coutiniied  to  laliour  at  this  object,  and  the 
two  latt«r  published  Tubies  of  the  Moon  in  I754.'* 
Finally,  Tobias  Mayer,  an  astronomer  of  Gottingen, 
having  compared  Euler's  tables  with  observations, 
corre^^ted  them  so  succeasfully,  that  in  1753  he  pub- 
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liahed  Tallies  of  the  Moon,  which  really  did  poeseM 
the  accuracy  which  HaJley  only  flattered  himself  tliiit 
he  had  attained.  Mayer's  aacceaa  in  bis  first  Tablw 
encouraged  liim  to  make  them  still  more  perfeeL  H 
applied  him3(}lf  to'the  mechanical  theory  of  the  mooa' 
orbit;  corrected  all  the  coefficients  of  the  series  by 
great  number  of  observations;  and,  in  1755,  sent  h 
new  Tables  to  London  as  worthy  to  claim  the  prize 
offered  for  the  discovery  of  longitude.  Ho  died 
after  {in  1762),  at  the  early  age  of  thirty-nine, 
out  by  hia  incessant  labours ;  and  bis  widow  sent  to 
London  a  copy  of  his  Tables  with  additional  correc- 
tions. These  Tables  were  committed  to  Bradley,  thea 
Astronomer  Royal,  in  order  to  be  eompai-ed  with  obseN 
vatioQ.  Bradley  laboured  at  this  task  with  unremit- 
ting zeal  and  iDdiistry,  having  hinieelf  long  entertained 
hopes  that  the  Lunar  Method  of  finding  the  Loagitndo 
might  be  tironght  into  general  use.  He  and  his  assiat-^' 
ant,  Giael  Morris,  introduced  corrections  into  Mayei'l., 
Tables  of  1755.  In  lis  report  of  1756,  he  says,'"' 
that  he  did  not  find  any  difference  so  great  as  a  ininut« 
and  a  quarter;  and  in  1760,  he  adds,  that  this  devia- 
tion had  been  further  diminished  by  his  oorrectionB. 
It  is  not  foreign  to  out  purpose  to  observe  the  great 
labour  which  this  verifi'Cation  required.  Not  less  thuL 
1320  observations,  and  long  calculations  founded  upOQ' 
each,  were  employed.  The  accuracy  which  Mayei'tt^ 
Tables  possessed  was  considered  to  entitle  them  to  tp 
part  of  the  jiarliamentary  reward;  they  were  printed- 
in  1770,  and  his  widow  received  gooot  from  tl 
English  nation.  At  the  same  time,  Enler,  whi 
Tables  had  been  the  origin  and  foundation  of  Mayer*^! 
also  had  a  recoropence  of  the  same  amount. 

This  publio  national  acknowledgment  of  the  praetioal. 
accuracy  of  these  Tables  is,  it  will  be  observed,  also  • 
solemn  recognition  of  the  truth  of  the  Newtonian 
theory,  as  far  as  truth  ■can  be  judged  of  by  men  acting 
under  the  highest  official  responsibility,  and  aided  by 
the  most  complete  comraaud  of  the  resources  of  tlu 
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ekill  and  talenta  of  others.  The  finding  the  Longitude 
is  thus  the  seal  of  the  moon's  gravitation  to  the  snn 
aod  earth ;  and  with  this  occurrence,  tlierefore,  our 
main  concern  with  the  hiRtory  of  the  Luuar  Theory 
ends.  Various  improvementa  have  been  eince  intro- 
duced into  this  research;  hut  on  these  we,  with  so 
many  other  subjects  before  us,  must  forbear  to  enter. 

Seat.  3. — Appliealion,  of  ike  Newtonian  Tlieory  to  the 
Flaiieta,  Satellites,  and  Earth. 

Thb  theories  of  the  Planets  and  Satellites,  as  affected 
by  the  law  of  universal  gravitation,  and  therefore  by 
perturbations,  were  uaturally  subjects  of  interest,  after 
the  promul^tion  of  that  law.  Home  of  the  effects  of 
the  mutual  attraction  of  the  planets  had,  indeed, 
already  attracted  notice.  The  inequality  produced  by 
the  mutual  attraction  of  Jupiter  and  Saturn  cannot  be 
overlooked  by  a  good  observer.  In  the  preface  to  the 
second  edition  of  the  Frincipia,  Cotea  remarks,'^  that 
the  perturbatimi  of  Jupiterand  Saturn  is  not  unknown. 
to  aetroDomers.  In  Halley's  Tables  it  was  noticed'* 
that  there  are  very  great  deviations  from  regularity  in 
these  two  planets,  and  these  deviations  are  ascribed  to 
the  perturbing  force  of  the  pluiieU  on  each  other;  but 
the  correction  of  these  by  a  suitable  equation  is  left  to 
succeeding  astronomers. 

The  motion  of  the  planes  atid  apsides  of  the  plane- 
tary orbits  was  one  of  the  fii-st  results  of  their  mutual 
perturbation  which  was  observed.  In  1706,  La  Hii'c 
and  Maraldi  compared  Jupiter  with  the  Kudolphiiie 
Tables,  and  those  of  Bullialdus;  it  appeared  that  his 
aphelion  had  advanced,and  that  his  nodes  had  regressed. 
Id  1728,  J.  Cassini  found  that  Saturn's  aphehon  had 
in  like  manner  travelled  forwards.  In  1720,  when 
Louville  refused  to  allow  in  liis  solartables  the  motion 
of  the  aphelion  of  the  earth,  Fontenelle  observed  that 
this  was  a  misplaced  scrupulousuess,  since  the  aphelion 
of  Mercuiy  certainly  advances.     Yet  this  reluctanca 
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to  admit  change  and  irregularity  was  not  yet 
WheD  astronomers  ha.d  found  an  approxiinate  and 
apparent  conatancy  and  regularity,  they  were  willing 
to  believe  it  absolute  and  exact.  In  the  satellites  of 
Jupiter,  for  instance,  they  were  unwilling  to  admit 
even  the  eccentricity  of  the  orbits;  and  still  more,  the 
variation  of  the  nodes,  iuoHnations,  and  apsides.  But 
all  the  fiicedneaa  of  these  was  successively  dis]iroved. 
Fonienelle  in  173a,  on  the  occasion  of  Maraldi's  dis- 
covery of  the  change  of  inclination  of  the  fouilh 
satellite,  expresses  a  suspicion  that  all  the  elements 
might  prove  Ibible  to  change,  '  We  see,'  says  he,  'the 
constancy  of  the  inclination  ali-eady  shaken 
three  first  snteltites,  and  the  eccentricity  in  the  fbui 
The  immobility  of  the  nodes  holds  out  bo  for 
there  are  strong  indications  that  it  will  share  the 

The  motions  of  the  nodes  and  apsides  of  the  satellitci 
are  a  necessary  part  of  the  Newtonian  theory;  and 
even  the  Cartesian  astronomers  now  required  only 
data,  iu  order  to  introduce  these  changes  into  their 
Tables. 

The  complete  reformation  of  the  Tables  of  the  Sun, 
Planets,  and  Satellites,  which  followed  as  a  niitui'al 
consequence  irom  the  revolution  which  Newton  had 
introduced,  was  rendered  possible  by  the  labours  of  the 
great  constellation  of  mathematicians  of  whom  we 
have  spoken  iu  the  last  book,  Clairaut,  Euler,  D'Alera- 
bert,  and  their  auccessora ;  and  it  was  carried  into  effect 
in  the  course  of  the  last  centuiy.  Thus  Lalande 
applied  Clairaut's  theory  to  Mars,  as  did  Mayer;  and 
the  inequalities  in  this  case,  says  Bailly^  in  1785,  may 
amount  to  two  minutes,  and  therefore  must  not  be 
neglected.  Lalande  determined  the  inequalities  of 
Yenus,  as  did  Father  "Walmesley,  an  English  mathe- 
matician;   these  were  found  to  reach  only  to  thirty 

The  Planetary  Tables'^'  which  were  in  highest  repute^ 
up  to  the  end  of  the  last  century,  were  those  of  Lalandch 
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In  these,  the  perturhations  of  Jnpiter  nnd  Sattu-n 
were  introduced,  their  msgoitiide  being  Buch  that  they 
cannot  be  dispensed  with;  but  the  Tublea  of  Mercury, 
Teniis,  and  Mars,  had  no  perturbations.  Hence  these 
latter  Tables  might  be  considered  as  accurate  euoiigk 
to  en&ble  the  observer  to  find  the  object,  but  not  to 
test  the  theory  of  perturbations.  But  when  the  cal- 
cuJation  of  the  mutual  disturbiLnces  of  the  planets  was 
applied,  it  waa  always  found  thnt  it  enabled  mathema- 
ticians to  bring  the  theoretical  places  to  coincide  more 
exactly  with  those  observed.  In  improving,  as  much 
as  possible,  this  coincidence,  it  is  necessary  to  deter- 
mine the  mass  of  each  planet;  for  upon  that,  accord- 
ing to  the  law  .of  universal  gravitation,  its  disturbing 
power  depends.  Thus,  in  1813,  Lindenau  published 
Tables  of  Mercury,  and  concluded,  from  them,  that  a 
considerable  increase  of  the  sitpjiosed  mass  of  Ycuua 
was  necessary  to  reconcile  theory  with  observation.^ 
He  had  pubUahed  Tables  of  Veuiis  in  1810,  and  of 
Hivs  in  181 1.  And,  in  proving  Bouvard's  Tables  of 
Jnpiter  ftud  Saturn,  values  were  olitained  of  the  masses 
of  those  plauet&  The  form  in  which  the  question  of 
the  truth  of  the  doctrine  of  univeraal  gravitation  now 
offers  itself  to  the  minds  of  nstrouomers,  is  this: — 
that  it  is  taken  for  granted  that  it  will  account  for 
the  motions  of  the  heavenly  bodies,  and  the  question 
is,  with  what  nupposed  masses  it  will  give  the  best 
account.'^  The  continual  ly-increasing  accui-acy  of  the 
table  shows  the  truth  of  the  fundamental  assumption. 
The  question  of  {>crturbation  is  exemplified  in  the 
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Batellitea  also.     Thus  the  satellites  of  Jupiter  are  W^M 
only  disturbed  by  the  sun,  a^  the  moon  is,  hut  aJsol^* 
each  other,  as  the  planets  are.     This  niutnal  action 
gives  rise  to  some  very  curious  rektioDB  among  their 
motione;  which,  like  most  of  the  other  leaxUng  inequa- 
lities, were  forced  upon  the  notice  of  astronomera  by 
observation  before  they  were  obtained  by  ntatheniatioat 
calculation.      In   Bradley's    remarks    upon    hia  own 
Tables  of  Jupiter's  Satellites,  published  among  Hallej') 
Tables,  he  observes  that  the  places  of  the  three  intenor 
satellites  ure  affected   by  erroura  which    recur  in  i 
cycle  of  437  days,  answevingto  the  time  in.  which  thw 
return  to  the  eame  relative  position  with  regard  to 
each    other,    and   to   the   axis   of   Jupiter's    shadov, 
Wargentin,  who  had  noticed  the  same  circumatMce 
without  knowledge  of  what  Bradley  had  done,  applied     ' 
it,  with  all  diligence,  to  the  purpose  of  improving  the     J 
tables  of  the  satellites  in  1746.     But,  at  a  later  period,     I 
Laplac«  established,  by  mathematical  reasoning,  the     | 
very  cnrions  theorem   on  which  this   cycle    depewJs,     [1 
which  he  calls  (Ae  libraiion  0/  Jupker's  aatdlite»;  Mid    | 
Delambre  was  then  able  to  publish  Tables  of  Jupitei^f     t 
Satellites   more  accurate   thaa  those   of  WargenliBi    H 
which  he  did  in  1789.**  _       J 

The  progress  of  physical  aatronomy  from  the  tiw  I 
of  Euler  and  Clairaut,  has  consisted  in  a  series  of  ol*  I 
culations  and  comparisons  of  the  most  abstruse  ain  I 
recondite  kind  The  formation  of  Tubles  of  the  FhiMli  I 
and  Satellites  from  the  theory  required  the  soIutJoan  I 
problems  much  more  complex  than  the  original  t>»  m 
of  the  Problem  of  three  bodies.  The  real  rootiousef  I 
the  planets  and  their  orbits  are  rendered  still  fat&iV  I 
intricate  liy  this,  that  all  the  lines  and  points  towhitt  I 
we  can  refer  them,  are  themselves  in  motion.  Tliel>^  I 
of  carrying  order  and  law  into  this  mass  of  apptf^H 
confusion,  has  required  a  long  series  of  men  of  bi^^| 
Bceudent  intellectual  powers ;  and  a  perseveranoe  ^^^| 
delicacy  of  observation,  such  as  we  have  not  ^^H 
Btnalleet  example  of  in  any  other  subject.     It  is  uof^^l 
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sible  here  to  give  any  detailed  account  of  theae  labours ; 
bnt  we  may  mention  one  instance  of  the  complex  coii- 
Hidemtions  which  enter  into  them.  The  nodes  of 
Jupitor'a  fourth  satelHte  do  not  go  backwards,-*  as  the 
Hewtonian  theory  seems  to  require;  they  advance  upon 
Jupitei-'s  orbit.  But  then,  it  is  to  be  recollected  that 
the  theory  requires  the  nixleg  to  retrograde  upon  the 
orbit  of  the  perturbing  body,  which  is  here  the  third 
satellite;  and  Lalande  showed  tliat,  by  the  necessary 
relations  of  space,  the  latter  motion  may  be  retrograde 
though  the  former  is  direct. 
Attempts  have  been  mode,  from  the  time  of  the 

E,  of  the  Problem  of  three  bodies  to  tlie  present, 
the  greatest  possible  accuracy  to  the  Tables  of 
,,  by  considering  the  effect  of  the  various  per- 
ms to  which  the  earth  is  subject.  Tlius,  in 
1756,  Euler  calculated  the  effect  of  the  attractions  of 
tiie  planets  on  the  earth  (the  prize-question  of  the 
French  Academy  of  Sciences),  and  Clairaut  soon  after. 
Lacaille,  making  use  of  these  results,  and  of  his  own 
nnmerouH  observations,  published  Tables  of  the  Sun. 
In  1786,  Delambre^  undertook  to  veriiy  and  improve 
these  tables,  by  comparing  them  with  314  observatioDs 
made  by  Maskejyne,  at  Greenwich,  in  1773  and  1784, 
>nd  in  some  of  the  intermediate  years.  He  corrected 
most  of  the  elements;  but  he  could  not  remove  the 
uncertainty  which  occurred  respecting  the  amount  of 
the  inequality  produced  by  the  reaction  of  the  moon. 
He  admitted  also,  in  pursuance  of  Clairaut's  theory, 
a  second  tenn  of  this  iuequaiity  depending  on.  the 
moon's  latitude;  but  irresolutely,  and  half  disposed  to 
reject  it  on  the  authority  of  the  observations,  9uc- 
O^ding  researches  of  mathematicians  have  shown,  that 
this  term  is  not  admis.sible  as  a  result  of  mechanical 
principles.  Delambi-e's  Tables,  thus  improved,  were 
exact  to  seven  or  eight  seconds  ;^  which  was  thought, 
and  truly,  a  very  close  coiuoidenoe  for  the  ticue.  But 
astronomers  were  far  from  resting  content  with  this. 
In  1806,  the  French  Board  of  Longitude  published 
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r  TftUcsi  and  in  the  (7h|| 
■  1216,  Bnrckhanlt  ^ 
hhIh  ^  a  coMifH^MB  id  Dclunbre's  Tables  i 
pwt  Mvakr  of  HiAiljw'i  vbaerratioBS  ;— 
OaM  tfa  ■■■III I  •■  wkkl  tkcT-  were  fi 
■pfCMaJ  tfcai  tfce  ^oe^  the  petigee,  and  the  eocenfa 
atr,  nqaiied  ■Mali*  ■hrnriiwii,  and  that  the  n 
of  Tems  oo^hi  to  be  rednced  aboot  one-mnth,  i 
tkarf  tbeHaoBtolMaaHiblj-diminished.  ~ 
VmSewmx  Aiiy^  eoupAied  Delamlire'e  tables  with  < 
aooo  Greenwid  ohaejratioitt,  made  with  the  new 
baaA-lMMtnaa^t  at  Canbriilge,  and  deduced  irom 
tUiMtBparic(ni^«on«ctionof  the  elements  These 
>■  general  agreed  dooelj  with  Barckhardt's,  excepting 
that  a  ffimiwiitiMi  <^  Uais  appeared  neceesary.  Some 
discordances;  hovever,  led  l^fessor  Airj  t<>  gnspect 
the  eXKtenee  of  an  ioeqaalitj  which  had  escaped  the 
s^acitT  of  Laplace  ftiul  Biirckhardt.  And,  a  few 
weeks  after  this  suspicion  had  been  espreseed,  the  sains 
mathematician  announced  to  the  Royal  Society  that 
he  bad  detected,  in  the  planetary  theory,  such  an 
inequality,  hitherto  onnoticed,  arising  from  the  mutual 
attraction  of  Venus  and  the  Earth.  Its  whole  effect 
on  the  earth's  longitude,  would  be  to  increase  or 
diminish  it  by  nearly  three  seconds  of  apace,  and  its 
period,  is  about  240  yeara.  'This  term,'  he  adds, 
"accounts  completely  for  the  difference  of  the  secular 
motions  given  hy  the  comparison  of  the  epochs  of 
1783  and  1821,  and  by  that  of  the  epochs  of  i8di  and 
i8ai.' 

Many  excellent  Tables  of  the  motions  of  the  sun, 
moon,  and  planets,  were  published  in  the  latter  part 
of  the  last  century;  hut  the  Bureau  des  Longitudes, 
which  was  established  in  France  in  1795,  endeavoured 
to  give  new  or  improved  tables  of  moat  of  these 
motions.  Thus  were  produced  Delambre's  Tables  of 
the  Sun,  Burg's  Tables  of  the  Moon,  Bouvard's  Tables 
of  Jupiter,    Saturn,   and   Uranus.      The   i^reement 
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betweeo  tliese  and  obserratioii  is,  in  geoer&l,  truly 
marvellous. 

We'  may  notice  here  &  difference  in  the  mode  of 
referring  to  observation  when  a  theory  is  first  esta- 
blished, and  when  it  is  afterwards  to  be  confirmed  &ud 
corrected.  It  was  remarked  as  a  merit  in  the  method 
of  Hipparchus,  and  a.n  evidence  of  the  m.itbematical 
coherence  of  hia  theory,  that  in  order  to  determine 
the  place  of  the  aim's  apogee,  and  the  eccentricity  of 
his  orbit,  be  reqnired  to  know  nothing  besides  the 
tengths  of  winter  and  spring.  But  if  the  fewness  of 
the  requisite  data  is  a  beauty  in  the  fii-at  lixation  of  a 
theory,  the  multitude  of  observations  to  which  it 
kppUes  is  its  excellence  when  it  is  establishi'd ;  and  in 
correcting  Tables,  mathematicians  take  far  more  data 
than  would  be  requisite  to  determine  the  elements. 
For  the  theory  ought  to  account  for  all  the  facts:  and 
since  it  will  not  do  this  with  mathematical  rigour  (for 
observation  is  not  perfect),  the  elements  are  determined, 
not  so  as  to  satisfy  any  selected  observations,  but  bo 
■3  to  make  the  whole  mass  of  errour  as  small  as  pos- 
sible. And  thus,  in  the  adaptation  of  theory  to  obser- 
vation, even  in  its  most  advanced  state,  tliere  is  room 
for  sagacity  and  skill,  prudence  and  judgment. 

In  this  manner,  by  selecting  the  best  meat]  elements 
of  the  motions  of  the  heavenly  bodies,  the  observed 
motions  deviate  from  this  meao  in  the  way  tlie  theory 
points  out,  and  constantly  return  to  it.  To  this  gene- 
ral rule,  of  the  constant  return  to  a  mean,  there  are, 
however,  some  apparent  exceptions,  of  which  we  aball 

Se^.  4. — Application  of  the  Jfewtonian  Theory  to 
Secular  Inequalitie». 

8ECUI.AB  Inequalities  in  the  motions  of  the  heavenly 
bodies  occur  in  consequence  of  clianges  in  the  elements 
of  the  solar  system,  wliich  go  on  progres^uvely  from 
age  to  age.  The  example  of  such  changes  wLic!i  was 
'  -studied  hy  aetronomerB,  was  the  Acceleration  oV 
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the  Moon's  Mean  Motion,  discovered  byHalley.  ^iH 
observed  fact  was,  that  the  mooa  now  moves  in  a  veiy 
small  degi-ee  quicker  than  she  did  in  the  earlier  aga 
of  the  world.  When  this  was  aecertained,  the  variouB 
hypotheses  which  appeared  likely  to  account  for  lie 
fact  were  reduced  to  calculation.  The  resiatauce  of 
the  medium  ia  which  the  heavenly  bodies  move  wu 
the  must  obvious  of  these  hypotheses.  Another, 
which  was  for  some  time  dwelt  upon  by  lAplace,  wm 
the  successive  transmission  of  gravity,  that  is,  the 
hypothesis  that  the  gravity  of  the  earth  takes  a  certain 
finite  time  to  reach  the  moon.  But  none  of  these 
suppositions  gave  satisfactory  conclusions;  and  tiie 
strength  of  Euler,  D'Alembert,  Lagrange,  and  Laplace, 
was  for  a  time  foiled  by  this  difficulty.  At  length, 
in  1787,  I«place  announced  to  tlie  Academy  that  he 
had  discovered  the  true  cause  of  this  acceleration,  and 
that  it  arose  from  the  action  of  the  sun  upon  the  moon, 
combined  with  the  secular  variation  of  the  eccentricity 
of  the  earth's  orbit.  It  was  found  that  the  effects  of 
this  combination  would  exactly  account  for  the  changes 
which  had  hitherto  so  perplexed  mathematicians.  A 
very  remarkable  result  of  this  investigation  was,  that 
'this  Secular  Inequality  of  the  motion  of  the  moon  is 
periodical,  but  it  requires  millions  of  years  to  re- 
establish itself;'  so  that  after  an  almost  inconceivable 
time,  the  accelej-ation  will  become  a  retardatioa 
Laplace  sometime  after  (in  1797,)  announced  other 
discoveries  relative  to  the  secular  motions  of  the  apogee 
and  the  nodes  of  the  moon's  orbit.  Laplace  collected 
these  researches  in  liis  '  Theory  of  the  Moon,'  which  he 
published  in  the  thii'd  volume  of  the  Mecanique  Celeste 

A  similar  case  occurred  with  regard  to  an  accelerar 
tion  of  Jupiter's  mean  motion,  and  a  retaixlatiou  of 
Saturn's,  which  had  been  observed  by  Caasiui,  Maraldi, 
and  Horrox.  After  several  imperfect  attempts  by 
other  mathematicians,  Laplace,  in  1787,  found  that 
there  resulted  from  the  mutual  attraction  of  these 
two  planets  a  great  Inequality,  of  which  the  period  is 
^ajj  years  and  alialf,and'«\iic\i'\\BaaKiie\eia.'«Aiwj\\^x 
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ftnd  retarded  Saturn  ever  since  the  restoration  of 
RBtronottjy. 

Thus  the  seculiir  inequalities  of  the  celestial  motions, 
like  all  the  others,  confirm  the  law  of  universal  gravi- 
They  are  called  'secular,'  hecuuse  ages  are 
pate  to  unfold  their  existence,  and  because  thej 
'E  obTioQsly  periodical.  Tliey  might,  in  some 
I,  be  considered  as  extensions  of  the  Newtonian 

ibty,  for  though  Newton's  law  accounts  for  such  facta, 
he  did  not,  so  far  as  we  know,  foresee  such  a  result  of 
it  But  on  the  other  hand,  they  are  exactly  of  the 
■BiTne  nature  as  those  which  he  did  foresee  and  calctdate^ 
And  when  we  call  them  secular,  in  o]ipoaition  to 
periodical,  it  is  not  that  there  is  any  real  difference, 
for  they,  too,  have  their  cycle ;  hut  it  is  that  we  have 
assumed  our  mean  motion  without  allowing  for  these 
long  inequalities.  And  thus,  aa  Laplace  observes  on 
thb  Tcry  occasion,^  the  lot  of  this  great  discovery  of 
gravitation  is  no  less  than  this,  that  evciy  apparent 
exception  becomes  a  proof,  every  difficulty  a  new 
occasion  of  a  triumph.  And  such,  ss  he  truly  adds, 
is  the  character  of  a  true  theory, — of  a  real  represen- 
tation of  nature. 

It  is  impossible  for  us  here  to  enumerate  even  the 
prinoipfti  objectj)  which  have  thus  iiUed  the  triumphal 
mATch  of  the  Newtonian  theory  from  its  outset  up  to 
the  pi'eBent  time.  But  among  these  secular  changes, 
Te  nULy  mention  the  Diminutiou  of  the  Obliquity  of 
the  Ecliptic,  which  has  heeu  going  on  from  the  earliest 
times  to  the  present.  This  change  has  been  explained 
by  theory,  and  shown  to  bave,  like  all  the  other 
changes  of  the  system,  a  limit,  atter  which  the  dimi- 
nation  will  be  converted  into  an  increase. 

We  may  mention  here  some  subjects  of  a  kind  some- 
what different  from  those  just  spoken  of.  The  true 
theoreUcal  quantity  of  the  Precession  of  the  Equinoxes, 
which  had  been  erroneously  calculated  by  Newton, 
was  aliown  by  D'Alembert  to  agree  with  observation. 
The  constant  coincidence  of  the  Nodes  of  the  Moon's 

»  Sjot.  d,i  Afoadt,  910,  ii.  J7. 
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Equator  with  those  of  her  Orbit,  was  proved  to 
from  mechftnical  principles 

circumstance  that  the  Time  of  the  Moon's  rotation^ 
her  axis  ib  equal  to  the  Time  of  her  revolution  a 
the  earth,  was  shown  to  be  consistent  with  the  i 
of  the  laws  of  motion  by  Laplace.  Laplace  al 
we  have  seen,  explnined  certain  remarkable  relatid 
which  coDHtantly  connect  the  longitudes  of  the  t' 
firstsatellitesof  Jupitorj  Bailjyand  Lagrange  analfl 
and  explained  the  curious  librations  of  the  nodes  M 
inclinations  of  their  orbits;  and  Laplace  traced  ti 
effect  of  Jupiter's  oblate  figui-e  on  their  motions,  k'  " 
masks  the  other  causes  of  inequality,  by  dete 
the  direction  of  the  motions  of  tiie  perijove  s 
of  each  satellite. 

Seet.  5.- 

We  are  now  bo  accustomed  to  consider  the  Newtonian 
theory  as  true,  tliat  we  can  hardly  imagine  to  oursdves 
the  possibility  that  those  planets  which  were  not  dis- 
covered when  the  theory  was  founded,  should  contra- 
dict its  doctrinea  We  can  scarcely  conceive  it  possible 
that  Uranus  or  Ceres  should  have  been  found  to  violate 
Kepler's  laws,  or  to  move  without  suffuring  perturba- 
tions from  Jupiter  and  Saturn.  Yet  if  we  can  suppose 
men  to  have  had  any  doubt  of  the  exact  and  universal 
truth  of  the  doctrine  of  universal  gravitation,  at  the 
period  of  these  discoveries,  they  must  have  scrutinized 
the  motions  of  these  new  bodies  with  an  interest  far 
more  lively  than  that  with  which  we  now  look  for  the 
predicted  return  of  a  comet.  The  solid  establishnient 
of  the  Newtonian  theory  is  thus  shown  by  the  manner 
'  a  which  we  take  it  for  granted  not  only  in  our  reason- 
ings, but  in  our  feelings.  But  though  this  is  so,  a 
short  notice  of  the  process  by  which  the  new  planets 
were  brought  within  the  domain  of  the  theory  may 
properly  find  a  place  here, 

William    Herschel,    a    man   of   great    enei^   and 
ingenuity,  who  haA  maiB  taaSieTuii. '^m.^io'jssnisssii, '-\a 


'  SftJffHt  rrO  THE  EPOCH  OP  NEWTON.      177 

reflecting  telescopes,  observing  at  Bath  on  the  13th  of 
March,  1781,  discovered,  in  the  constellation  Gemini, 
a  atar  larger  and  leea  himinous  than  the  fised  stars. 
On  the  application  of  a  more  powerful  telescope,  it 
was  seen  magnified,  and  two  days  afterwards  he  per- 
ceived that  it  had  changed  its  place.  The  attention 
of  the  astronomical  world  was  directed  to  this  new 
object,  and  the  best  astronomers  in  every  part  of 
Europe  employed  themselves  in  following  it  along  the 
Bky.n 

The  admission  of  an  eighth  planet  into  the  long- 
eatabliahed  list,  was  a  notion  so  foreign  to  men's 
thoughts  at  that  time,  that  other  suppositious  were 
first  tried.  The  orbit  of  the  new  body  was  at  first 
calculated  as  if  it  hod  been  a  comet  running  in  a  para- 
bolic  path.  But  in  a  few  days  the  star  deviated  from 
the  course  thus  assigned  it ;  and  it  was  in  vain  that  in 
order  to  represent  the  observations,  the  perihelion 
distance  of  the  parabola  was  increased  from  fourteen 
to  eighteen  limes  the  earth's  distance  from  the  sun. 
Baron,  of  the  Academy  of  Sciences  of  Paris,  is  said'^  to 
have  been  the  first  person  who  perceived  that  the 
places  were  better  represented  hy  a  circle  than  by  a 
parabola :  and  Lexell,  a  celebrated  mathematician  of 
Petersburg,  found  that  a  motion  in  a  circular  orbit, 
-with  a  radius  double  of  tbat  of  Saturn,  would  satisfy 
all  the  observations.  This  msjie  its  period  about 
eighty-two  years. 

Lalande  soon  discovered  that  the  circular  motion 
was  subject  to  a  sensible  inequality :  the  orbit  was,  in 
taat,  an  ellipse,  like  those  of  the  other  planets.  To 
determine  the  equation  of  the  ©enter  of  a  body  which 
revolves  so  slowly,  would,  according  to  the  ancient 
methods,  have  required  many  years:  but  Laplace  con- 
trived  methods  by  which  the  elliptical  elements  were 
determined  irom  four  observations,  within  little  more 
than  a  year  from  its  iirst  discovery  by  Herschel.  These 
calculations  were  soon  followed  by  tables  of  the  new 
planet,  published  by  Nonet. 
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In  order  to  obtain  additional  accnracj,  it  now  became  M 
necessary  to  take  account  of  the  perturbations.     Tb  J 
French  Academy  of  Sciences  proposed,  in  1789,  ^^fl 
construction  of  nev  Tables  of  tbis  Planet  as  itfl  pi'U^H 
que^oo-     It  is  a  cnrious  illustration  of  the  cousteiitil|^| 
accumulating  evidence  of  the  theory,  that  the  calcDli^| 
tion  of  the  perturbations  of  the  planet  enubled  astr^H 
nomers  to  dlscoTer  that  it  had  been  observed  as  a  bwH 
in  three  different  positions  in  former  timeaj  namel^H 
by  Flamsteed  in  1690,  by  Mayer  in  1756,  and  by  Le   I 
Monnier  in  1769.      Delambre,  aided  by  this  discovery 
and  by  the  theory  of  Laplace,  calculated  Tables  of  the 
plane^  which,  being  compared  with  observation  for 
tiiree  years,  never  deviated  from  it  more  than  asvea 
aeoonda.      The  Academy  aw&rded  its  prize  to  these 
Tables,    they  were  adopted  by  the  astronomers  of 
Earope,  and  the  planet  of  Herschel  now  conforms  to 
the  laws  of  attraction,  along  with  those  ancient  mem- 
bers of  the  known  system  from  which  the  theory  was 
inferred. 

The  history  of  the  discovery  of  the  other  new  planetB, 
Ceres,  Fallas,  Jnno,  and  Tests,  is  nearly  similar  to 
that  just  related,  except  that  their  planetary  character 
was  more  readily  believed.  The  first  of  these  was  dis- 
covered on  the  first  day  of  this  century  by  Piazzi,  the 
astronomer  at  Palermo;  but  he  had  only  begun  to 
suspect  its  nature,  and  had  not  completed  his  third 
observation,  when  his  labours  were  suspended  by  a 
dangerous  illness ;  and  on  his  recovery  the  star  wsfl 
inviflihle,  being  lost  in  the  rays  of  the  sua. 

He  declared  it  to  be  a  planet  with  an  elliptical  orbit; 
but  the  path  which  it  followed,  on  emerging  from  the 
neighbourhood  of  the  sun,  was  not  that  which  Piasi 
bad  traced  out  for  it.  Its  extreme  smallness  made  it 
difficult  to  rediscover;  and  the  whole  of  the  year  1801 
waa  employed  in  searching  the  sky  for  it  in  vain.  At 
last,  after  many  trials,  Ton  Zach  and  Olbers  again 
found  it,  the  one  on  the  last  day  of  iBoi,  the  other  on 
the  first  day  of  1802.  Gauss  and  Burckhardt  imme-  _ 
diately  used  the  new  observations  in  determining  tb(U 
elements  of  the  orbits  anAtheSoti 
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method  for  the  purpose.  Ceres  new  moves  in  a  path 
of  which  the  course  and  inequalitiea  are  known,  and 
can  no  more  escape  the  scrutiny  of  BHtronomers. 

The  second  year  of  the  niueteouth  century  also  pro- 
duced its  planet.  This  was  discovered  by  Dr.  Olbera, 
a  physiciati  of  Bremen,  while  he  was  searching  for 
Oeres  among  the  stars  of  the  eooetellation  Virgo.  He 
found  a  star  which  had  a  perceptible  motion  even  in 
the  space  of  two  hours.  It  was  soon  announced  as  a 
new  planet,  and  received  from  its  discoverer  the  naibe 
of  Fallas.  As  in  the  case  of  Ceres,  Burckhardt  and 
Canss  employed  themselves  in  calculating  its  orbit. 
But  some  peculiar  difficulties  here  occurred.  Its 
eccentricity  is  greater  than  that  of  any  of  the  old 
planets,  aud  the  inclination  of  its  orbit  to  the  ecliptic 
is  not  less  than  thirty-five  degrees.  These  circum* 
stances  both  made  its  perturbations  large,  and  rendered 
them  difficult  to  calculate.  Burckhardt  employed  the 
known  processes  of  analysis,  but  they  were  found 
insufficient ;  and  the  Imperial  Institute  (aa  the  French 
Academy  was  termed  during  the  reign  of  Napoleon,) 
proposed  the  Perturbations  of  Pallas  as  a  prize- 
To  these  discoveries  succeeded  others  of  the  same 
kind.  The  German  astronomers  agreed  to  examine 
tiie  whole  of  the  zone  in  which  Ceres  and  Pallas  move; 
in  the  hope  of  finding  other  planets,  fragments,  as 
Olbera  conceived  they  might  possibly  be,  of  one  origi- 
nal mass.  In  the  course  of  this  research,  Mr.  Harding 
of  Lilienthal,  on  the  ist  of  September,  1S04,  found 
a  new  star,  which  he  soon  was  led  to  consider  as  a 
planet.  Gauss  and  Burckhardt  also  calculated  the 
dements  of  this  orbit,  and  the   planet  was  named 

After  this  discovery,  Olbers  sought  the  sky  for  addi- 
tional fragments  of  his  planet  with  extraordinary  per- 
severance. He  conceived  that  one  of  two  opposite 
constellations,  the  Virgin  or  the  Whale,  was  the  place 
where  its  separation  must  have  taken  place ;  and  where, 
therefore,  sll  the  orbits  of  all  the  portioiis  must,  ^msa, 
Ife  reaolred  to  survey,  three  times  a.  year,  al\  the  amaW 
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stars  in  these  two  regions.  This  undertaking  sa 
carious  in  its  nature,  was  succesafal.  The  29th  of 
March,  1807,  he  discovered  Veata,  which  waa  Boon 
found  to  be  a  planet.  And  to  show  the  maimer  in 
which  Olbera  pursued  bia  labours,  we  may  state  that 
he  afterwards  published  a  notification  that  he  had 
examined  the  same  parts  of  the  heavens  with  BuDb 
regularity,  that  he  was  certain  no  new  planet  bad 
passed  that  way  between  1808  and  1816.  Gauss  and 
Burckhardt  computed  the  orbit  of  Vesta;  and  when 
Gauss  compared  one  of  his  orbits  with  twenty-two 
observations  of  M.  Bouvard,  he  found  the  erroun 
below  seventeen  seconds  of  space  in  right  ascension, 
and  still  less  in  declination. 

The  elements  of  all  these  orbits  have  been  sucoea- 
sively  improved,  and  this  has  been  done  entirely  by 
the  German  matheTnaticians.'*  These  perturbatioM 
are  calculated,  and  the  places  for  some  time  before  and 
after  opposition  are  now  given  in  the  Berlin  Ephenieris. 
'I  have  lately  observed,'  saya  Professor  Airy,  'and 
compared  with  the  Berlin  Ephemeris,  tie  right  ascen- 
sions of  Juno  and  Vesta,  and  I  find  that  they  are 
rather  more  accurate  than  those  of  Venus ;'  so  com- 
plete is  the  confirmation  of  the  theory  by  these  new 
bodies;  so  exact  are  the  methods  of  tracing  the  theory 
to  its  consequences. 

We  may  observe  that  all  these  new-discovered 
bodies  have  received  names  taken  from  tlie  ancient 
mythology.  In  the  case  of  the  first  of  these,  astro- 
nomers were  originally  divided ;  the  discoverer  him- 
self named  it  the  Gecrgium  Sidwa,  in  honour  of  his 
patron,  George  the  Tbird;  Ijilande  and  others  called 
it  Seracliel.  Nothing  can  be  more  just  than  this  mode 
of  perpetuating  the  fame  of  the  author  of  a  discoveiy; 
but  it  was  felt  to  be  ungraceful  to  violate  the  homo- 
genoily  of  the  ancient  system  of  names.  Aatronomere 
tried  to  find  for  the  hitherto  neglected  denizen  of  the 
shies,  an  appropriate  place  among  the  deities  to  whose 
assembly  he  was  at  last  admitted;  and  Uranus,^ 
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&tber  of  S»turu,  vas  fixed  upon  aa  best  EnitiDg  the 
order  of  the  course. 

The  mytholt^csl  nomenclature  of  planets  appeared 
from  this  time  to  be  generally  agreed  to.  Piazzi 
termed  his,  C«rea  Ffrdinandfo.  The  first  term,  which 
contains  a  happy  allmdon  to  Sicily,  the  eoiintiy  of  the 
discovery  in  modem,  and  of  thu  gi^ddees  ill  ancient, 
times,  has  been  accepted;  the  attempt  to  pay  a  com- 
pliment to  royalty  out  of  the  products  of  science,  in 
this  as  in  most  other  cases,  has  been  set  aside.  Pallas, 
Jnno,  and  Vesta,  were  named,  without  any  peculiar 
propriety  of  selection,  according  to  the  choice  of  their 


A  FKW  words  most  be  said  upon  another  e!as.=  of  bodies, 
which  at  first  seemed  as  lawless  as  tlte  clouds  and 
winds;  and  which  astronomy  has  reduced  to  a  regii- 
larity  aa  complete  as  that  of  the  sun ; — upon  ComfU. 
No  part  of  the  Newtonian  diacoTeriea  excited  a  more 
int^se  interest  than  this.  These  anomalous  visitants 
were  anciently  gazed  at  with  wonder  and  alarm ;  and 
might  still,  as  in  former  times,  b«  accused  of '  perplex- 
ing na,tions,'  though  with  very  different  fears  and  quea- 
tdoDJngS.  The  conjecture  that  they,  too,  obeyed  the 
law  of  nniTeraal  gravitation,  was  to  be  verified  by 
showing  that  they  described  a  curve  such  as  that  force 
wonld  produce.  Hevuliua,  who  was  a  most  diligent 
ttbaerver  of  these  objects,  had,  without  reference  t« 
graTitstioii,  satisfied  himself  that  they  moved  in  para- 
bolas.^ To  determine  the  elements  of  the  parabola 
from  observations,  even  Newton  called^^  'problema 
longs  difScillimnm.'  Newton  determined  the  orbit  of 
the  comet  of  1 680  by  certain  graphical  methods.  Hia 
methods  su]iposed  the  orbit  to  be  a  parabotn,  and  satiar 
fectorily  represented  the  motion  in  the  visible  part  of 
the  comet's  path.     But  this  method  did  not  apply  to 
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the  possible  return  of  tte  wandering  star,  Hallajj 
has  the  glory  of  having  first  detected  a  periodi(  ' 
comet,  in  the  case  of  that  vbich  has  since  borne  ^ 
DSnie.  But  this  great  discovery  was  not  made  yriiiu 
labour.  In  1705,  Halley'*  explained  how  the  pB 
bolic  orbit  of  a  planet  may  be  determined  from  thrw 
observations;  and,  joining  example  to  precept,  himaell 
calculated  the  positions  and  orbits  of  twenty-four 
comets.  He  found,  as  the  reward  of  this  indostiy, 
that  the  comets  of  1607,  and  of  1531,  had  the  same 
orbit  as  that  of  1682.  And  here  the  intervals  are 
also  nearly  the  same,  namely,  about  seventy-five  yeats. 
Are  the  three  comets  then  identicall  In  lcK>kingba<^ 
into  the  history  of  such  appearances,  he  found  comets 
recorded  in  1456,  in  1380,  and  in  1305;  the  intemk 
are  still  the  same,  seventy-five  or  seventy-six  years. 
It  was  impossible  now  to  doubt  that  tbey  were  the 
periods  of  a  revolving  body ;  that  the  comet  was  a 
planet ;  its  orbit  a  long  ellipse,  not  a  parabola.^^ 

But  if  this  were  so,  the  Comet  must  reappear  itt 
1758  or  1759-  Halley  predicted  that  it  would  do  bo; 
and  the  fulfilment  of  this  prediction  was  natnrsllj' 
looked  forwards  to,  as  an  additional  stamp  ol  the 
truths  of  the  theory  of  gravitation. 

But  in  all  this,  the  Comet  had  .been  supposed  to  be 
aSected  only  by  the  attraction  of  the  sun.  The  planets 
must  disturb  its  motion  as  they  disturb  each  other. 
How  would  this  disturlance  afiect  the  time  and  mr- 
oumatances  of  its  reappearance!  Halley  had  proposed, 
but  not  attempted  to  solve,  this  question. 

The  efiect  of  perturbations  upon  a  comet  defeats  aU 
known  methods  of  approximation,  and  requires  im- 
mense labour,     '  Clairaut,'  aaya  Bajlly,^*  '  undertook 


»  B&llly,il.  1S4Q.  plna  grand,  ie  pini  bun,  de  ; 

57  TliB  Importance  of  Halley'a  oeuf  pn  aBtronotdJe.'    Halley 

labourg   on  ComeU    hu    always  prediotlne  the  oomtlof  i7SB.* 

been  seknowleflged.    In  speaking  if  ft  returns,  'Hoe  primom 

of  Halley'a  Sunopaii  AstrorunnioB  homine  Anglo  InvcDlum  HjImb  . 

ComtliOB.  Detambre  Bays  (Ail.  InficlabEtUT  a^uapoeCeritu.' 
xylll.meU,  p.  ijo).  ■YoiVablen,  a  S-iatts,  A.M.'a,  v9Q, 
deputl  Kepler,  oe  qa'an  b  ttiU  &« 
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tbis;  with  courage  enough  to  dure  the  adventui*ey  he 
had  talent  enough  to  obtain  a  memorable  rictory ;'  the 
difficulties,  the  hibours,  grew  upon  him  as  he  advauced, 
but  he  fought  bis  way  through  them,  assisted  by 
Lalande,  and  by  a  female  calculator,  Madame  Lepauta 
He  predicted  that  the  comet  would  reach  its  perihelion 
April  13,  1759,  but  claimed  th-e  license  of  a  month  for 
the  inevitable  inaccuracy  of  a.  calculation  which,  in 
addition  to  all  other  sources  of  errour,  was  made  in 
haste,  that  it  might  appear  as  a  prediction.  The 
comet  justified  his  calculations  and  his  caution  toge- 
ther; for  it  arrived  at  its  perihelion  on  the  13th  of 
M^Ti^h. 

Two  other  Comets,  of  much  shorter  period,  have 
been  detected  of  late  years;  Encke's,  which  revolves 
round  the  sun  in  three  years  and  one  third,  and  Biela's, 
whieh  describes  an  ellipse,  not  estremely  eccentric,  in 
bIx,  years  and  three  quarters.  These  bodies,  apparently- 
thin  and  va[iorous  masses,  like  other  comets,  have, 
since  their  orbits  were  calculated,  punctually  conformed 
to  the  taw  of  gravitation.  If  it  were  still  doubtful 
whether  the  more  conspicuous  comets  do  so,  these 
bodies  would  tend  to  prove  the  fact,  by  showing  it  to 
be  true  in  an  intermediate  case. 

[and  Ed,]  [A  third  Comet  of  short  period  was  dis- 
covered by  Faye,  at  the  Observatory  of  Paris,  Nov. 
32,  1843.  It  is  included  between  the  orbits  of  Mars 
and  Saturn,  and  its  jjeriod  ia  seven  years  and  tliree 

This  is  commonly  called  Faj/e's  Comet,  as  the  two 
mentioned  in  the  text  are  called  Encke'g  and  Biela'a. 
In  the  former  edition  I  had  expressed  my  assent  to 
the  rule  proposed  by  M.  Arago,  that  the  latter  ought 
to  be  called  Gambart's  Gurnet,  in  honour  of  the  aatro- 
nOHier  who  first  proved  it  to  revolve  round  the  Sun. 
Bat  astronomers  in  general  have  used  the  former  name, 
considering  that  the  discovery  and  observation  of  the 
object  are  more  distinct  and  conspicuous  merits  than  a 
calculation  founded  upon  the  observations  of  others. 
And  in  realitp-,  "Bieia  bad  great  merit  in  the  discovery 
of  bia  Comet's  periodicity,  iaving  set  about  \iia  ai»:i:c\i 


184      HISTORY  OP  PHYSICAL  ASTRONOHT. 

of  it  from  an  antiiiipation  of  its  return  founded  upon 
former  obsercationa. 

Also  a  Comet  was  discovered  by  De  Vico  at  Roma 
on  Aug,  32,  1844,  which  was  found  to  describe  a 
elliptical  orhit  haying  its  aphelion  near  the  orbit  o 
Jupiter,  which  is  consequently  one  of  tho 
period.  And  on  Feb.  26,  1846,  M.  Brorsen  of  Kid 
discovered  a  telescopic  Comet  whose  orbit  is  found  fa 
be  elliptical.] 

We   may  add   to  the  history  of  Comets,  that  < 
Lexell's,  which,  in  1770,  appeared  to  be  I'evolving  ii 
a  period  of  about  five  years,  and  whose  motion  i 
predicted    accordingly.      The   prediction   was  die 
pointed;  but  the  feUnre  was  sufficiently  explained 
the  comet's  having  passed  close  to  Jupiter,  by  whi 
occurrence  its  orbit  was  utterly  deranged, 
twice  (in  1767  and  1779)  through  the  system  of  Ja{d 
It  results  from  the    theory   of  universal   graTiH 
tion,  that  Comets  are  collections  of  extremely  a" 
nuated  matter.    Lexell'a  is  supposed  to  have  pai 
ter's   Satellites,  without    disturbing    their    motion 
though  BuSering  itself  so  great  a  disturbance  as  ' 
have  its  orbit  entirely  altered.     The  same  result 
still  more  decidedly  proved  by  the  last  appearanoe 
Biela's  Comet.     It  appeared  double,  but  the  two  b 
did  not  perceptibly  affect  each  other's  motions,  a* 
am  informed  by  Professor  Challis  of  Cambridge,  1 ""' 
observed  both  of  them  from  Jan.  23  to  Mar.  25,  18^ 
This  proves  the  quantity  of  matter  in  ej   '    "    ' 
have  been  exceedingly  small. 

Thus,  no  verifioationoftheNewtonian theory,  whi 
was  possible  in  the  motions  of  the  stars,  baa  yet  l 
wanting.     The  return  of  Halley's  Comet  again  in  183 
and  the  extreme  exactitude  with  which  it  conform 
to  its  predicted  course,  is  a  testimony  of  truth,  ■" 
must  appear  striking  even  to  the  most  incuri 
iag  such  matters.  3* 

^  M.  de  Hambotilt  (Xosmos,  p.     served   in   Chioa  in    i3;s 

■•6)  ajH^aka   of   nine    TctaroB  ot    Vlmititied Kith  thii.    Bntw 

v'a    Comet,  tlie   nouuA    ob-    Tie  W.ltE  ill*  m  Vite  * 
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Sect.  7. — AppliaUum  of  the  Jfewtonian  Tlieory  to  the 
Figure  0/  the  Earth. 

The  Heavens  had  thus  been  consulted  respecting  the 
Newlonian  doctrine,  and  the  answer  given,  over  and 
over  again,  in  a  thousand  diiFei'eut  forms,  liad  keen, 
that  it  was  trne ;  nor  had  the  most  persevering  crora- 
examinatiou  been  able  to  establish  any^thing  of  contra- 
diction or  prevarication,  Ibe  same  qnestion  was  also 
to  be  put  to  the  Earth  and  the  Ocean,  and  we  must 
briefly  notice  the  result. 

According  to  the  Newtonian  principles,  the  form  of 
the  earth  must  be  a  globe  somewhat  flattened  at  the 
poleR.  This  conclusion,  or  at  least  the  amount  of  the 
flattenin^r,  depends  not  only  upon  the  existence  and 
law  of  attraction,  but  upon  its  belonging  to  each  par- 
tide  of  the  mass  separately ;  and  thus  the  experi- 
mental conflrmation  of  the  form  asserted  trom  calcula- 
tion, wontd  be  a  veriflcation  of  the  theory  in  its  widest 
sense.  The  application  of  snch  a  test  was  the  more 
ncoessaiy  to  the  interests  of  science,  inasmuch  as  the 
French  astronomers  had  collected  from  their  measures, 
and  had  connected  with  their  Cartesian  system,  the 
opinion  that  the  earth  was  not  Mate  but  Mong. 
Dominic  Oassini  had  measured  seven  degrees  of  lati- 
tude from  Amiens  to  Perpignan,  in  1701,  and  found 
them  to  decrease  in  going  from  south  to  north.  The 
prolongation  of  this  measure  to  Dunkirk  coiitirmed 
the  same  result.  But  if  the  Newtonian  doctrine  was 
true,  the  contrary  ought  to  be  the  case,  and  the  degrees 
ought  to  increase  in  proceeding  towards  the  pole. 

The  only  answer  which  the  Newtonians  could  at 
this  time  make  to  the  difficulty  thus  presented,  was, 
that  an  arc  so  short  as  that  thus  measured,  was  not  to 
be  depended  upon  for  the  determination  of  suoh  a 
qnestion;  inasmuch  as  the  inevitable  errours  of  obser- 
vation might  exceed  the  differences  which  were  the 

appearaacc  Id  that  centnr?,  if  we     or  (3So,  !n  145'i,  <n  i!}i.Iii  1607, 
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object  of  reaearoh.  It  would,  undoubtedly,  have  be- 
come the  English  to  hare  given  a  more  complete 
answer,  bj  executing  measurements  under  circum- 
stances not  liable  to  tbia  uncertainty.  The  glory  of 
doing  this,  however,  they,  for  s  long  time,  abandoned 
to  other  nations.  The  French  undertook  the  t 
with  great  spirit.*"  In  1733,  in  one  of  the  i 
of  the  French  Academy,  when  this  questioi 
cussed,  De  la,  Condamine,  an  ardent  and  eager  i 
proposed  to  settle  this  question  by  sending  membera 
of  the  Academy  to  measure  a  degree  of  the  meridian 
iieartheequator,iuorder  to  compare  it  with  the  French 
degrees,  and  offered  himself  for  the  expedition.  Mau- 
pertuis,  in  like  manner,  urged  the  necessity  of  another 
expedition  to  measure  a  degree  in  the  neighbourhood 
of  the  pole.  The  government  received  the  applieatioM 
favourably,  and  these  remarkable  scientific  i  '  '  ^ 
were  sent  out  at  the  national  expense. 

As  soon  as  the  result  of  these  measurements  1I 
known,    there   was   no   longer  any  doubt  as   to  t 
&ct  of  the  earth's  oblateness,  and  the  question  oi 
turned  upon  its  quantity.     Even  before  the  retoi 
of  the  ai^ademicians,  the  Caasinis  and  LacaiUe  hi' 
measured  the  French  arc,  and  found  eproura  whii 
subverted  the  former  result,  making  the  eai-th  oblate 
to  the  amount  of  i-i68th  of  its  diameter.     TJie  expe- 
ditions to  Feru  and  to  Lapland  had  to  struggle  witii 
difficulties  in    the   execution  of  their  design,  which 
make  their  narratives  resemble  some  romantic  hi^toty 
of  irregular  warfare,   rather  than   the    monotonous 
records  of  mere  meaaurementB.     The  equatorial  d^w^* 
employed  the    observers  not  less  than  eight  ysa^^H 
When  they  did  return,  and  their  results  were  OO^^M 
pared,  their  discrepancy,  as  to  quantity,  was  conaidM^H 
able.     The  comparison  of  the  Fcruvian  and  FremBV 
aros  gave  an  ellipticity  of  nearly  i-3[4th,  that  of  the     ^ 
Peruvian  and  Swedish  arcs  gave  i-2i3tb  for  its  valoft     I 

Newton  bad  deduced  from  his  theoiy,  by  rcasoninp    J 
of  singular  ingenuity,  an  ellipticity  of  i-33othi  bokJ 
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this  result  bad  been  obtained  hj  supposing  the  earth 
homogeneous.  If  the  earth  be,  as  we  should  most 
readily  conjecture  it  to  be,  more  dense  in  its  interior 
than  at  its  exterior,  its  eUipticity  will  be  less  than  that 
of  a  homogeneoTiB  spheroid  revolving  in  the  same  time. 
It  does  not  appear  that  Newton  was  aware  of  this; 
but  Clairaut,  in  1743,  in  his  Figure  of  the  Earth, 
proved  this  and  many  other  important  results  of  the 
attraction  of  the  particles.  Especially  ho  established 
that,  in  proportion  aa  the  fraotion  expressing  the 
EUipticity  becomes  smaller,  that  expressing  the  Excess 
of  the  polar  over  the  equatorial  gravity  becomes  larger ; 
and  he  thus  connected  the  measures  of  the  ellipticity 
obtained  by  means  of  Degrees,  with  those  obtained  by 
means  of  Fendulums  in  different  latitudes. 

The  altered  rate  of  a  Pendulum  when  carried 
towards  the  equator,  had  been  long  ago  observed  by 
Eicher  and  Halley,  and  bad  been  quoted  by  Newton 
as  confirmatory  of  his  theory.  Pendulums  were  swung 
by  the  academicians  who  measured  the  degrees,  and 
confirmed  the  general  character  <if  the  results. 

But  having  reached  this  poinfc  of  the  verification  of 
the  Newtonian  theory,  any  additional  step  becomes 
more  difficult  Many  excellent  measures,  both  of 
Degrees  and  of  Fendidums,  have  been  made  since  those 
juat  mentioned.  The  results  of  the  Arcs  *'  is  an  Ellip- 
ticity of  i-agSth; — of  the  Pendulums,  an  Ellipticity 
of  about  i-285th  This  difference  is  considerable,  if 
compared  with  the  quantities  themselves;  but  does 
not  throw  a  shadow  of  doubt  on  the  truth  of  the 
theory.  Indeed,  the  observations  of  each  kind  exhibit 
irregularities  which  we  may  easily  account  for,  by 
ascribing  them  to  the  unknowTi  distribution  of  the 
denser  portions  of  the  earth ;  but  which  preclude  the 
extreme  of  accuracy  and  certainty  in  our  result. 

But  the  near  agreement  of  the  determination,  irom 
D^rees  and  from  Pendulums,  is  not  the  only  coin- 
cidence by  wliich  the  doctrine  is  confirmed.  We  can 
trace  the  effect  of  the  earth's  Oblateness  in  certain 
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minute  apparent  motiona  of  the  staiB  ;   for  the  atttse-  H 
tion  of  the  ann  and  moon  on  the  protuberant  mntter  ^1 
of  the  spheroid  produces  the  Precession  of  the  eqni-   K 
noxes,  and  a  Nutation  of  the  earth's  asis.     The  Vn-    K 
cession  had  been  known  from  the  time  of  Hipparohiii|    B 
and  the  existence  of  Nutation  was  foreaeen  by  New-    ■ 
ton ;  but  the  quantity  is  so  amall,  that  it  reqiiireJ 
conaummate   skill    and    great   labour  in  Bradley  to 
detect  it  by  astronomical  observation.     Being,  how- 
ever, so  detected,  its  atnount,  as  well  as  that  of  the 
Precession,  gives  na  the  means  of  determining  tha 
amount  of  Terrestrial  Elliptioity,  by  which  the  effeoi 
is  produced.     But  it  ia  found,  upon  calculation,  thrt 
we  cannot  obtain  tliis  determination  without  assmoiiiC 
some  law  of  density  in  the  homogeneous   strata  t 
which  we  suppose  the  earth  to  consist.^     The  denm^ 
will  certainly  increase  in  proceeding  towards  the  centtf^ 
and  there  is  a  simple  and  probable  law  of  this  increase 
which  will  give  i-3ooth  for  the  Elliptioity,  from  tbft 
amount  of  two  lunar  Inequalities,  (one  in  latitude  bhW 
one  in  longitude,)  which  are  produced  by  the  earthVt 
oblatenesa.     Nearly  the  same  result  follows  from  the' 
quantity  of  Nutation.     Thus  everything  tends  to  con-' 
vince  us  that  the  elliptioity  cannot  deviate  much  froitt'^ 
this  fraction. 

[2nd  £d.]  [I  ought  not  to  omit  another  class  oCi 
phenomena  in  which  the  effects  of  the  Earth's  Oblats^ 
ness,  acting  according  to  the  law  of  universal  gravit*^ 
tion,  have  manifested  themselves ;— I  speak  of  thof 
Moon's  Motion,  as  affected  by  the  Earth's  EllipticityW 
In  this  case,  as  iu  most  others,  observation  anticipated 
theoiy.  Mnaon  had  inferred  from  lunar  observation^ 
ft  certain  Inequality  in  Longitude,  depending  npou 
the  distance  of  the  Moon's  Node  from  the  Equinos 
Doubts  were  entertained  by  astronomers  whether  thiff 
inequality  really  existed;  but  Laplace  showed  ihaA 
such  an  inequality  would  arise  from  the  oblate  form  of', 
the  eartih;  and  that  its  magnitude  might  serve  ttf. 
determine  the  amount   of  the   oblnteneHs.      I&plaotfi 


SEQUEL  TO  THE  El-OCH   OP  NEHTON.       1 89 

showed,  at  the  aame  time,  that  along  with  this  In- 
equality in  LoDgitude  there  luiiat  be  an  Inequ&Hty  in 
latitude;  and  this  asaertion,  Burg  confirmed  \>y  the 
discussion  of  observations.  TLe  two  Inequalities,  an 
shown  in  the  observations,  agree  in  assiguiug  to  the 
earth's  form  an  EUipticity  of  i-^osth.] 

Sect.  8. — Cimfirmalion  of  tke    Newtonian    Theory  by 
ExperiToeTiU  on  Auractum. 

The  attraction  of  a,ll  the  paxts  of  the  earth  to  one 
anothei'  was  thus  proved  by  experiments,  in  which  the 
whole  mass  of  the  earth  ie  coocemed.  But  attempts 
have  also  been  made  to  measure  the  attraction  of 
emaUer  portioDs;  as  ntountaius,  or  artificial  masses. 
This  is  an  experiment  of  great  difficulty;  for  the  at- 
traction of  such  masses  must  be  compnj^  with  that 
of  the  earth,  of  which  it  is  a  scarcely -perceptible  frac- 
tion; aud,  moreover,  iu  the  case  of  mountains,  the 
effect  of  the  mountain  will  be  modified  or  disguised  by 
unknown  or  unappreciable  circumstances,  lu  many 
of  the  measurements  of  degrees,  indications  of  the 
attraction  of  mountains  had  been  perceived;  but  at 
the  suggestion  of  ilaskelyne,  the  experiment  wns  care- 
fully made,  in  1774,  upon  the  mountain  Scheballien, 
in  Scotland,  the  mountain  being  mtneralogically  sur- 
veyed by  Playfair.  The  result  obtained  was,  that  the 
(rttraction  of  the  mountain  drew  the  plum.b-line  about 
six  seconds  from  the  vertical ;  and  it  was  deduced  from 
this,  by  Hutton'e  calculations,  that  the  density  of  the 
earth  was  about  ouce  and  four-fiiths  that  of  Sche- 
hallien,  or  four  and  a  half  times  that  of  water. 

Cavendish,  who  had  suggested  many  of  the  artifices 
in  this  calculation,  himself  made  the  exjieriment  in 
the  other  form,  by  using  leaden  balls,  about  nine 
inches  diameter.  This  observation  was  conducted  with 
an  extreme  degree  of  ingenuity  aud  delicacy,  which 
could  alone  make  it  valuable;  and  the  result  agreed 
very  nearly  with  that  of  the  SchehalKen  experiment, 
giving  for  the  density  of  the  earth  about  five  and  OQi;- 
thicd  times  thut  of  water.     Neaxlj  the  atime  tSiuWj 
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■was  obtained  by  Carlizii,  in  1824,  from  observations 
of  the  peuduhim,  made  at  a  point  of  the  Alps  (thi 
HoBpic«,  on  Mount  Cenis)  at  &  considerable  elevatioB 
above  the  average  surface  of  the  earth. 

Sect,  g.- — Application  of  the  Newtonian  Tlieory  to  ikt 
Tide». 

We  come,  finally,  to  that  result,  in  which  moat  remaioa 
to  be  done  for  the  verification  of  the  general  law  of 
attraction;  the  subject  of  the  Tides.  Yet,  even  here, 
the  verification  is  striking,  as  &r  as  observations  have 
been  carried.  Newton's  theoiy  explained,  with  sin- 
gular felicity,  all  the  prominent  circumstances  of  the 
tides  then  known  ; — the  difference  of  spring  and  neap 
tides;  the  efiect  of  the  moon's  and  sun'a  declinatioti 
and  parallax;  even  the  difference  of  morning  and 
evening  tides,  and  the  anomalous  tides  of  particular 
places.  About,  and  after,  this  time,  attempts  were 
made  both  by  the  Royal  Society  of  England,  and  by 
the  French  Academyj  to  collect  numerous  observa- 
tions ;  but  these  were  not  followed  up  with  sufficient 
perseverance.  Perhaps,  indeed,  the  theory  liad  not 
been  at  that  time  sufficiently  developed;  but  the 
admirable  prize-essays  of  Euler,  Bernoulli,  and  D'Alem- 
bert,  in  1740,  removed,  in  a  great  measure,  this  defi- 
ciency. These  dissertations  supplied  the  means  of 
bringing  this  subject  to  the  same  teat  to  which  tUX  the 
other  consequences  of  gravitation  had  been  subjected; — 
namely,  the  calculation  of  tables,  and  the  continued 
and  orderly  comparison  of  these  with  observation. 
Laplace  has  attempted  this  verification  in  another 
way,  by  calculating  the  results  of  the  theory  {which  he 
has  done  with  an  extraordinary  command  of  analysis,} 
and  then  by  comparing  these,  in  supposed  critical 
cases,  with  the  Brest  observations.  This  method  has 
confirmed  the  theory  aa  far  as  it  could  do  so ;  but  such 
a  process  cannot  supersede  the  neeessity  of  applying 
the  proper  criterion  of  truth  in  such  cases,  the  co 
stmction  and  verification  of  Tables,  Benioulli's  theoi 
on  tie  other  hand,  baa  \ieen.  Msei  int  'Oi«.  t«nis.\ir 
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of  Tide-tables;  but  tbese  have  not  been  properly  com- 
pared with  experiment ;  and  trben  the  coinfiatdson  has 
been  made,  having  been  executed  for  purpoees  of  gain 
rather  than  of  science,  it  has  not  Iwen  published,  aad 
cannot  be  quoted  as  a  verification  of  the  theory. 

Thus  we  have,  as  yet,  no  sufficient  comparison  of 
fuA  with  theory,  for  Laplace'a  is  far  from  a  complete 
CompariHon.  In  this,  aa  in  other  parts  of  physical 
astronomy,  onr  theory  ought  not  only  to  agree  with 
obserratioDa  selected  and  grouped  in  a  particular 
manner,  but  with  the  whole  course  of  observation, 
sud  with  every  part  of  the  phenomena.  In  this,  as  in 
other  cases,  the  trae  theory  should  be  verified  by  its 
giving  ns  the  best  Tables ;  but  Tide-tables  were  never, 
I  believe,  calculated  upon  Laplace's  theory,  and  thus 
it  was  never  fairly  brought  to  the  teat. 

It  is,  perhaps,  remarkable,  ccmsidering  all  the  expe- 
rience which  astronomy  had  furnished,  that  men  should 
have  expected  to  reach  the  completion  of  this  branch 
of  science  by  improving  the  mathematical  theoiy, 
without,  at  the  same  time,  ascertaining  the  laws  of 
the  facta.  In  all  other  departments  of  astronomy,  as, 
for  instance,  in  the  cases  of  the  moon  and  the  planets, 
the  leading  features  of  the  phenomena  had  been  made 
out  empirically,  before  the  theory  explained  them. 
The  course  which  analogy  would  have  recommended 
for  the  cultivation  of  our  knowledge  of  the  tides, 
would  have  been,  to  ascertain,  by  an  analysis  of  long 
series  of  observations,  the  efiect  of  changes  in  the  time 
of  transit,  parallax,  and  declination  of  the  moon,  and 
thus  to  obtain  the  laws  of  phenomena ;  and  then  to 
proceed  to  investigate  the  laws  of  causation. 

Though  this  was  not  the  conrse  followed  by  mathe- 
matical theorists,  it  was  really  pursued  by  those  who 
practically  calculated  Tide-tables;  and  the  application 
of  knowledge  to  the  useful  purposes  of  life  being  thus 
separated  from  the  promotion  of  the  theory,  was  natu- 
rally treated  as  a  gainful  property,  and  preserved  by 
secrecy.  Art,  in  this  instance,  having  cast  off  her 
legitimate  subordiDBtioo  to  Science,  or  ratbet,  beic^ 
deprived  of  the  guidanee  which   jt  was  the  dut^  ol 
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Science  to  aSurd,  reaiuaed  her  ancient  practices  <if 
excluaiveneaa  aud  mystery.  Liverpool,  London,  anil 
other  piaceB,  had  their  Tide-tahlea,  constructed  by  un- 
divnilged  metbods,  which  methods,  in  some  instances 
at  least,  were  handed  down  from  father  to  son  for 
several  generations  as  a  family-possession;  and  the 
publication  of  new  Tables  accompanied  by  a  statement 
of  the  mode  of  calculation,  was  resented  as  an  infringe- 
ment of  the  rights  of  property. 

The  mode  in  which  these  secret  methods  were 
inveDted,  was  that  which  we  have  pointed  out; — the 
aualysis  of  a  considerable  series  of  observations.  Pro- 
bably the  best  example  of  this  was  afforded  by  t 
Liverpool  Tide-tables.  These  were  deduced  by  a 
gyman  named  Holdeu,  from  observations  made  at  tj 
port  by  a  harbour-master  of  the  name  of  Hutchins 
who  was  led,  by  a  love  of  such  pursuits,  to  obs 
the  tides  carefully  for  above  twenty  yeara,  day  k 
night.  Holden's  Tables,  founded  on  four  years  of  thaij 
observations,  were  remarkably  accurate.  

At  length  men  of  science  began  to  perceive  that  anct 
oaloulationa  were  part  of  their  business;  and  that  they 
were  called  upon,  as  the  guardians  of  the  established 
theory  of  the  universe,  to  compare  it  in  the  greatest 
possible  det^l  with  the  facts.  Mr.  Lubbock  was  the 
first  mathematician  who  tmdertook  the  extensive  la- 
bours which  such  a  oontiction  suggested.  Finding 
that  regular  tide-observations  had  been  made  at  tJie 
London  Docks  from  1795,  he  took  nineteen  yeara  erf 
these  {purposely  selecting  the  length  of  a  cycle  of  the 
motions  of  the  lunar  orbit,)  and  caused  them  (in  1831) 
to  be  analysed  by  Mr.  Dessiou,  an  expert  calculator. 
He  thus  obtained*^  Tables  for  the  efleut  of  the  Moon's 
Declination,  Parallajt,  and  hour  of  Transit,  on  the 
tides ;  and  was  enabled  to  produce  Tide-tables  founded  _ 
upon  the  data  thus  obtained.  Some  mistakes  ii 
as  first  ])ublished  (mistakes  unimportant  as 
theoretical  value  of  the  work,)  served  to  show  t 
jealousy  of  the  practical  tide-table  calculators,  by  t] 
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■  acrimony  with  which  the  oversights  were  dwelt  upon; 

W  hut  in  a  very  few  years,  the  tables  thus  produced  by 
an  open  ftnd  ai'iontitic  pi'ocess  were  more  exact  thaji 
those  which  resulted  from  any  of  the  secrets;  and  thus 
practice  was  brought  into  its  projier  subordination  to 
theory. 

The  theory  with  which  Mr.  Lubbock  was  led  to 
compare  his  results,  was  the  Equilibrium-theory  of 
Daniel  Bernoulli;  and  it  was  found  that  this  theory, 
with  certain  modifications  of  its  elements,  represented 
the  &ct3  to  a  remarkable  degree  of  precision.  Mr. 
Lubbock  pointed  out  this  agreement  especially  in  the 
semi-mensual  inequality  of  tlie  times  of  high  water. 
The  like  agreement  was  aftei-wards  (in  1833)  shown 
by  Mr,  Whewell**  to  obtain  still  more  accurately  at 
liverpool,  both  for  the  Times  and  Heights;  for  by 
this  time,  nineteen  years  of  Hutchinson's  Liverpool 
Observations  had  also  been  diacussed  by  Mr.  Lubbock. 
The  other  inequalities  of  the  Times  and  Heights 
(depending  upon  the  Declination  and  Parallax  of  the 
Moon  and  Sun,)  were  variously  compared  with  the 
Equilibrium-theory  by  Mr.  Lubbock  and  Mr.  Whe- 
w^;  and  the  general  result  was,  that  the  facta  agreed 
with  the  condition  of  equilibrium  at  a  certain  anterior 
time,  but  that  this  anterior  time  was.difi'erent  for  dif- 
ferent phenomena.  In  like  manner  it  appeared  to 
follow  from  these  researuhes,  that  in  order  to  explain 
the  facta,  the  mass  of  the  moon  must  be  supposed 
difierent  in  the  calculation  at  different  place)*.  A 
result  in  effect  the  same  was  obtained  by  M.  Dausay,'*" 
an  active  French  hydi'ographer;  for  ho  found  that 
observations  at  various  stations  could  not  be  reconciled 
with  the  formulffi  of  Laplace's  Mieanique  Cihste  (in 
which  the  ratio  of  the  beigbta  of  spring-tides  and  neap- 
tides  was  computed  on  an  assumed  mass  of  the  moon) 
without  an  alteration  of  level  which  was,  in  fact, 
equivalent  to  an  alteration  of  the  moon's  mass.  Thus 
all  things  appeared  to  tend  to  show  that  the  Equili- 
brinm-theory  would  give  ^^/orinvlm  for  the  inequali- 
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ties  of  the  tides,  but  that  the  magnitudes  which  enter 
into  these  formulse  must  be  sought  from  ohBervation. 

Whether  this  result  is  conaistent  with  theory,  ii  a 
question  not  ho  much  of  Physical  Astronomy  as  of 
Hydrodynamica,  and  has  not  yet  been  solved.  A 
Theory  of  the  Tides  w^hich  should  include  in  its  ooa- 
ditions  the  phenomena  of  Derivative  Tides,  and  of  their 
combinations,  will  probably  require  all  the  resources  (rf 
the  mathematical  mechanioian. 

Aa  a  contribution  of  emjiirical  materials  to  the 
treatment  of  this  hydrodynamical  problem,  it  may  he 
allowable  to  mention  here  Mr.  Whewell's  attempts  to 
trace  the  progress  of  the  tide  into  alt  the  seas  of  the 
globe,  by  drawing  on  maps  of  the  ocean  what  he  calls 
Cotidal  Lines; — lines  marking  the  contemporaneona 
position  of  the  various  points  of  the  great  wave  which 
carries  high  water  from  shore  to  shore.**  This  a 
necet^sarily  a  task  of  labour  and  difficulty,  since  it  re- 
quires ns  to  know  the  time  of  high  water  on  the  same 
day  in  every  part  of  the  world;  but  in  proportion  m 
it  is  completed,  it  supplies  steps  between  our  genenJ 
view  of  the  movements  of  the  ocean  and  the  pheno- 
mena of  particular  ports. 

Looking  at  this  subject  by  the  light  which  the 
example  of  the  history  of  astronomy  affords,  we  may 
venture  to  repeat,  that  it  will  never  have  justice  done  it 
till  it  is  treated  as  other  parts  of  astronomy  are  treated ; 
that  is,  till  Tables  of  all  the  phenomena  which  can  be 
observed,  are  calculated  by  means  of  the  best  know- 
ledge which  we  at  present  possess,  and  till  these  Tables 
are  constantly  improved  by  a  comparison  of  the  pre- 
dicted with  the  observed  fact.  A  set  of  Tide-observa- 
tions and  Tide-ephemerides  of  this  kind,  would  soon 
give  to  this  subject  that  precision  which  marks  the 
other  parts  of  astronomy;  and  would  leave  a 
blage  of  unexplained  residual  phenomena,  in  whidu 
careful  research  might  lind  the  materials  i 
truths  as  yet  unsuspected. 
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[and  Ed.l  [That  there  would  be,  in  the  tidal  mo\e- 
ments  of  the  ocean,  inequalities  of  the  heights  and 
times  of  high  and  low  water,  corre^xmding  to  those 
which  the  equilibrinm-theoiy  gives,  could  be  considered 
only  ae  a  conjecture,  till  the  comparison  with  observa- 
tioD  was  made.  It  was,  howerer,  a  natural  conjecture ; 
aiiice  the  waters  of  the  ocean  are  at  every  moment 
tending  to  acquire  the  form  assumed  in  tlie  equili- 
brium-theory: and  it  maybe  considered  likely  that 
the  causes  which  prevent  their  assuming  this  form 
produce  an  e-ffect  nearly  constant  for  each  place. 
Whatever  be  thought  of  this  reasoning,  the  conjecture 
is  oonfirmed  by  observation  with  curious  eicactnesa. 
The  laws  of  a  great  number  of  the  tidal  phenomena — 
UAtnely,  of  the  Semi-mensual  Inequality  of  the  Heights, 
of  the  Semi-nienaual  Inequality  of  the  Times,  of  the 
Diurnal  Inequidity,  of  the  effect  of  the  Moon's  Decli- 
nation, of  the  effect  of  the  Moon's  Parallax — are  repre- 
sented very  closely  by  formulie  derived  from  the  equi- 
libriom-theory.  The  hydrodynamical  mode  of  treating 
llie  subject  has  not  added  anything  to  the  knowledge 
of  the  laws  of  the  phenomena  to  which  the  other  view 
had  conducted  ua. 

We  may  add,  that  Laplace's  assumption,  that  in  the 
moving  fluid  the  motions  must  have  a  periudicUy  cor- 
responding to  that  of  the  forc«s,  is  also  a  conjecture. 
And  though  this  conjecture  may,  in  some  cases  of  the 
problem,  be  verified,  by  substituting  the  resulting  ex- 
pressions in  the  equations  of  motion,  this  cannot  be 
done  in  the  actual  case,  where  the  revolving  motion 
of  the  oceau  is  prevented  by  the  intrusion  of  tracts  of 
land  running  nearly  from  pole  to  pole. 

Yet  in  Mr.  Airy's  Treatise  On  Tides  and  Waves 
(in  the  Sncyclopadia  Metropolitana)  much  has  been 
done  to  bring  the  hydrodynamical  theory  of  oceanic 
tides  into  agreement  with  observation.  In  this  admi- 
rable work,  Mr.  Airy  has,  by  peculiar  artifices,  solved 
problems  which  come  so  near  the  actual  cases  that  thty 
may  represent  them.  He  has,  in  this  way,  deduciJl 
the  laws  of  the  seai-diaraal  and  the  diurnal  tide,  ani 
the  other  features  of  the  tides  which  the  efjuiVibriaui 
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theory  in  some  degree  imitates;  but  he  has  also,  taking 
into  account  the  effect  of  friction,  shown  that  the 
actual  tide  may  be  represented  as  the  tide  of  an  earlier 
epoch ; — ^that  the  relative  mass  of  the  moon  and  sun, 
as  inferred  from  the  tides,  would  depend  upon  the 
depth  of  the  ocean  (Art.  455); — wifib  many  other 
results  remarkably  explaining  the  observed  pheno- 
mena. He  has  also  shown  that  the  relation  of  the 
cotidal  lines  to  the  tide  waves  really  propagated  is,  in 
complex  cases,  very  obscure,  because  different  waves 
of  different  magnitudes,  travelling  in  different  direc- 
tions, may  coexist,  and  the  cotidal  line  is  the  com- 
pound result  of  all  these. 

With  reference  to  the  Ma/ps  of  Cotidal  LvneSy  men- 
tioned in  the  text,  I  may  add,  that  we  are  as  y^ 
destitute  of  observations  which  should  supply  the 
means  of  drawing  such  lines  on  a  large  scale  in  the 
Pacific  Ocean.  Admiral  Liitke  has  however  supplied 
us  with  some  valuable  materials  and  remarks  on  this 
subject  in  his  Notice  sur  lea  Ma/rees  Firiodiques  dans 
le  grand  Ocean  Boreal  et  dans  la  Mer  Gladale;  and 
has  drawn  them,  apparently  on  sufficient  data,  in  the 
White  Sea.] 


CHAPTER  V. 

Discoveries  added  to  the  I^fEWTOsiAN  Theory. 


Sect.    I. — Tables  0/ Astronomical  Refraction. 

WE  have  travelled  over  an  immense  field  of  astro- 
nomical and  mathematical  labour  in  the  last  few 
pages,  and  have  yet,  at  the  end  of  every  step,  Btill 
found  ourselves  under  the  jurisdiction  of  the  Newto- 
nian laws,  We  are  reminded  oi"  the  universal  monar- 
ohiea,  where  a  man  could  not  escape  from  tlie  empire 
without  quitting  the  world.  We  have  now  to  notice 
some  other  discoveriea,  in  which  this  reference  to  the 
law  of  universal  gravitation  is  less  immediate  and 
obvioua;  I  mean  the  astronomical  discoveries  respect- 
Iiight 

general  truths  to  which  the  eataljliahment  of 
true  laws  of  Atmospheric  Refraction  led  astroao- 
,,__,  9,  were  the  law  of  Deflection  of  the  rays  of  light, 
iraich  applies  to  all  refraetions,  and  the  real  structure 
and  aize  of  the  Atmosphere,  so  far  as  it  became  known. 
The  great  discoveries  of  Eomer,  and  Bradley,  namely, 
the  Velocity  of  Light,  the  Aberration  of  Light,  and 
die  Nutation  of  the  earth's  axis,  gave  n  new  diatinet- 
ness  to  the  conceptions  of  the  propagation  of  light  in 
the  minds  of  philosophers,  and  confirmed  the  doctrines 
of  Copemioua,  Kepler,  and  Newton,  respecting  the 
motions  which  belong  to  the  earth. 

The  true  laws  of  Atmospheric  Refraction  were 
dowly  discovered.  Tycho  attributed  the  apparent 
displacement  of  the  heavenly  bodies  to  the  low  and 
gi'osffl  part  of  the  atmosphere  oaly,  and  hence  made  it 
cease  at  a  point  half-way  to  the  zenith;  but  Kepler 
rightly  extended  it  to  the  zenith  itself.  Dominic 
Caaaini  endeavoured  to  discover  the  law  of  this  coixec- 
tioa  by  abeervatioD,  and  gave  his  results  in  the  loim 
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which,  as  we  have  said,  sound  science  prescribes,  &  TabU  1 
to  be  habitually  used  for  aU  observations.  But  great  I 
diffioultiea  at  this  time  embarrasaed  this  inveatigatioii,  1 
for  the  parallaxes  of  the  sun  and  of  the  planets  were 
unknown,  and  very  diverse  values  had.  been  assigned  1 
them  by  different  aatronomers.  To  remove  some  of 
these  difficulties.  Richer,  in  1762,  went  to  observe  at 
the  equator;  and  on  his  return,  Casaini  was  able  to 
confirm  and  amend  his  former  estimations  of  parallax 
and  refi-action.  But  there  were  still  difficulties.  Ac- 
cording to  La  Blire,  though  the  phenomena,  of  twilight 
give  an  altitude  of  34,000  toiaea  to  the  atmosphere,' 
those  of  refraction  make  it  only  2000.  John  Caaaim 
undertook  to  support  and  improve  the  calculations  of 
his  father  Dominic,  and  took  the  true  supposition,  that 
the  light  follows  a  curvilinear  path  through  the  air. 
The  Royal  Society  of  London  had  already  ascertained 
experimentally  the  refractive  power  of  air.^  Newton 
calculated  a  Table  of  Hefractions,  which  was  published 
under  Halley's  name  in  the  Philoaophical  Transacliont 
for  1721,  without  any  indication  of  the  method  by 
which  it  was  constructed.  Bat  M.  Biot  has  recently 
shown,^  by  means  of  the  published  correspondence  of 
Flamsteed,  that  Newton  had  solved  the  problem  in  n 
manner  nearly  corresponding  to  tlie  most  improved 
methods  of  modem  analysis. 

Dominic  Cassini  and  Picard  proved,*  Le  Monuier 
in  1738  confirmed  more  fully,  the  fact  that  the  varia- 
tions of  the  Thermometer  affect  the  Kefraction.  Mayer, 
taking  into  account  both  these  changes,  and  the  changes 
indicated  by  the  Barometer,  formed  a  theory,  which 
Lacaille,  with  immense  labour,  applied  to  the  construc- 
tion of  a  Table  of  Refractions  from  observation.  But 
Bradley's  Table  (published  in  1763  by  lHaakelyne,) 
was  more  commonly  adopted  in  England;  and  his 
formula,  originally  obtained  empirically,  has  been, 
shown  by  Young  to  result  from  the  most  probable 
SDppoaitions  we  can  make  respecting  the  atmosphere. 


1  Bttilly,  il.  (ill.  ■  lb.  U,  B07.  I 

Biol,  jJeaASc.  CompleKeivlu,  StBl:.  Sirt^S-    *  ^*iML-j  .Mi.  ^».   \ 


ARDTTIOSS  TO  THE  HEWTONIAN  THEORY.     199 

Begsel's  Refrnctinu  Tables  are  now  cooHidured  the  best 
of  tboae  irhieh  have  appearod. 

Seel.  a. — DUcoferi/  of  the   Telocil.fi  of  Light. — 

The  astronomical  bistoty  of  Befraction  is  uot  marked 
by  any  great  discoveries,  and  was,  for  the  most  part,  a 
work  of  labour  only.  The  progress  of  the  other  por- 
tions of  our  knowledge  respecting  light  is  more  strik- 
ing. In  1676,  a  great  nuniber  of  observations  of 
eclipees  of  Jupiter's  satellites  were  accumulated,  and 
eoald  be  compared  with  Cassini'a  Tables.  Bomer,  a 
Danish  astronomer,  whom  Ficard  had  brought  to 
Paris,  perceived  that  these  eclipseB  happened  constantly 
later  than  the  calculated  time  at  one  season  of  the 
year,  and  earlier  at  aDother  season  ;^ — a  difference  for 
which  astronomy  conld  offer  no  account.  The  errour 
was  the  same  for  all  the  Hatellltes;  if  it  had  depended 
on  a  defbct  in  the  Tables  of  Jupiter,  it  might  have 
affected  all,  but  the  effect  would  have  had  a  reference 
to  the  velocities  of  the  satellites.  The  cause,  then, 
was  something  extraneous  to  Jupiter,  Kiimer  had  the 
happy  thought  of  comparing  the  errour  with  the 
ear&'e  distance  from  Jupiter,  and  it  was  found  that 
the  eclipses  happened  later  in  proportion  as  Jupiter 
was  further  ofil'  Thus  we  see  the  eclipse  later,  as  it 
is  more  remote ;  and  thns  light,  the  messenger  which 
brings  ua  intelligence  of  the  occurrence,  travels  over 
its  course  in  a  measurable  time.  By  this  evidence, 
hght  appeared  to  take  about  eleven  minutes  in  describ- 
ing the  diameter  of  the  earth's  orbit. 

This  discovery,  like  so  many  others,  once  made, 
appears  easy  and  inevitable;  yet  Dominic  Cassini  had 
entertained  the  idea  for  a  moment,*  and  had  rejected 
it;  ftdd  Fontenelle  had  congratulated  himself  publicly 
on  having  narrowly  escaped  this  seductive  errour.  The 
objeatioas  to  the  admission  of  the  truth  arose  princi- 
pally  from  the  inaecuracy  of  observation,  and  from  the 

'.Biullr.ii.  •?.  •  Il),ii.-H9. 
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perauaaion  that  the  motions  of  the  satellites  were  ai^ 
cular  and  uniform.     Their  irregularities  diaguised  the  ^ 
fact  in  question.    As  these  irregularities  became  clearlj 
known,     Rti mar's    discovery   was   finally    eatahlialieidi 
and  the  '  Equation  of  Light'  took  its  place  in  the 
Tables.  i 

Sed.  3. — Discovery  of  Aberration. — Sradfey. 

Impkovemektb  in  inatruments,  and  in  the  art  of  ob- 
serving, were  requisite  for  making  the  nest  great  step 
in  tracing  the  effect  of  the  laws  of  light.  It  appeara 
clear,  on  consideration.,  that  since  light  and  the  spec- 
tator on  the  earth  are  both  in  motion,  the  af^rent 
direction  of  an  object  will  be  determined  by  the  com- 
position of  these  motions.  But  yet  the  effect  of  this 
compiMition  of  motions  was  (as  is  usual  in  such  cases) 
traced  as  a  fact  in  observation,  before  it  was  clearly 
seen  as  a  consequence  of  reasoning.  This  fact,  the 
Aberration  of  Light,  the  greatest  astronomical  dis- 
covery of  the  eighteenth  century,  belongs  to  Bradley, 
who  was  then  Professor  of  Astronomy  at  Oxford,  and 
afterwards  Astronomer  Eoyal  at  Greenwich.  Moly- 
neux  and  Bradley,  in  ijag,  began  a  aeries  of  observa- 
tions for  the  pur[)Oae  of  ascertaining,  by  observations 
near  the  zenith,  the  existence  of  an  annual  parallax 
of  the  fixed  stars,  which  Hooke  had  hoped  to  detect, 
and  Flamsteed  thought  he  had  discovered.  Bradley^ 
soon  found  that  the  star  observed  hy  him  hada  minute 
apparent  motion  different  from  that  which  the  annual 
parallax  would  produce.  He  thought  of  a  nutation  of 
the  earth's  axis  as  a  mode  of  accounting  for  this;  hut 
found,  by  oompaiison  of  a  star  on  the  other  side  of 
the  pole,  that  this  explanation  would  not  apply.  Brad- 
ley and  Molyneux  then  considered  for  a  moment  an 
annual  alteration  of  figure  in  the  earth's  atmosphere, 
such  as  might  affect  the  refractions,  but  this  hypothesift 
was  soon  rejected.'*  In  1727,  Bradley  resumed  his 
observations,  with  a  new  instrument,  at  Wtmateadi 


'  Bigtud'a  ] 
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aud  obtained  empirical  rules  for  the  changes  of  decli- 
nation in  ditferent  stars.  At  last,  ajxidetit  turned  hia 
thoughts  to  the  direction  in  which  he  waa  to  find  the 
caiiae  of  the  Tariations  which  he  liad  discovered. 
Being  in  a  boat  on  the  Thamea,  he  observed  that  the 
vane  on  the  top  of  the  mast  gave  a  different  apparent 
direction  to  the  wind,  aa  the  boat  sailed  one  way  or 
the  other.  Here  was  an  image  of  his  case:  the  boat 
represented  the  earth  moving  in  different  directions  at 
different  seasons,  and  the  wind  represented  tbe  light 
of  a  star.  He  had  now  to  trace  the  conseqneuces  of 
this  idea;  he  found  that  it  led  to  the  empirical  rules, 
which  he  had  already  discovered,  and,  in  1729,  he  gave 
his  discovery  to  the  Boyal  Society.  His  paper  is  a 
very  happy  narrative  of  his  labours  and  bis  thoughts. 
Tfia  theory  was  so  sound  that  no  astronomer  ever  con- 
tested it ;  and  hia  observations  were  so  accurate,  that 
the  quantity  which  he  assigned  as  the  greatest  amount 
of  the  change  (one  ninetieth  of  a  degree)  has  bai-dly 
been  corrected  by  more  recent  astronomera.  It  must 
be  noticed,  however,  that  he  considered  the  effects  in 
declination  only;  tbe  effects  in  right  ascension  required 
a  different  mode  of  observatioji,  and  a  consummate 
goodness  in  the  machinery  of  clocks,  which  at  that 
time  was  hardly  attained. 

Sect.  4. — Discovery  of  Nutation. 

When  Bradley  went  to  Greenwich  as  Astronomer 
Koyal,  he  continued  with  perseveiance  observations  of 
the  same  kind  as  those  by  which  he  had  detected 
Aberration.  The  result  of  these  was  another  dis- 
covery;  namely,  that  very  Nutation  which  he  bad 
formerly  rejected.  This  may  appear  atrange,  but  it  is 
easily  explained.  The  Aberration  is  an  annual  change, 
and  is  detected  by  observing  a  star  at  different  seasons 
of  the  year;  the  Nutation  is  a  change  of  which  the 
cycle  is  eighteen  years ;  and  which,  therefore,  though 
it  does  not  much  change  the  place  of  a  star  in  one 
year,  is  discoverable  in  the  alterations  of  several  buc- 
A  rery  few  yeara'  observations  aliO'weA 
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Bradley  the  effect  of  thia  change  ;^  and  long  befote  1 
the  half  cycle  of  nine  jears  had  elapsed,  he  had  am- 


a  his  mind  with  the  true  c 


),  the 


I 


of  the  moon's  nodes.  Macliin  was  then  Secretary  to 
the  Boyal  Society,"*  and  was  '  employed  in  considering 
the  theory  of  gravity,  nnd  its  oonBeqnences  with  regard 
to  the  celestial  motiona :'  to  him  Bradley  commimieated 
his  conjectures;  from  him  he  soou  receiyed  a  Table 
contaimng  the  results  of  his  calculations;  and  the  lav 
was  fonnd  to  be  the  same  in  the  Table  and  in  observa- 
tion, though  the  quantities  were  somewhat  different 
It  appeared  by  both,  that  the  earth's  pole,  besides  the 
motion  which  the  precession  of  the  equinoxes  gives  it, 
moves,  in  eighteen  years,  through  a  small  circle^ — or 
mther,  as  was  afterwards  found  by  Bradley,  an  ellipse, 
of  which  the  axes  are  uineteen  and  fourteen  seconds." 

For  the  rigorous  establishment  of  the  mechanical 
theory  of  that  efTect  of  the  moon's  attraction  from 
which  the  phenomena  of  Nutation  flow,  Bradley  rightly 
and  prudently  invited  the  assistance  of  the  great 
mathematicians  of  his  time.  D'Alembert,  Thomas 
Simpson,  Euler,  and  others,  answered  this  call,  and 
the  result  was,  as  we  have  ali-eady  said  in  the  last 
chapter,  (Sect.  7,)  that  this  investigation  added  anotb 
to  the  recond  ite  and  profound  evidences  of  the  doe ' 
of  universal  gravitation. 

It  has  been  said'^  that  Bradley's  discoveries  ' 
him  the  most  distinguished  place  among  astronomen  " 
after  Hipparchus  and  Kepler.'  If  his  discoveries  had 
been  made  before  Newton's,  there  could  have  been  no 
hesitation  as  to  placing  him  on  a  level  with  tiiose 
great  men.  The  existence  of  such  suggestions  as  the 
Newtonian  theory  offered  on  all  astronomical  subjeots, 
may  perhaps  dim,  in  our  eyes,  the  brilliance  of  Brad- 
ley's achievements;  but  this  circnmatiince  cannot  place 
any  other  person  above  the  author  of  such  discover' 
and  therefore  we  may  consider  Delambre's  adjudicatioli 
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of  precedence  as  well  varranted,  and  deserving  to  be 
permanent. 

Seel.  5, — Discovery  of  the  Laws  of  Bouhh  Stars.-^Tlie 
two  Serscliels. 

No  truth,  then,  can  be  more  certainly  eatablished, 
than  that  the  law  of  graTitation  prevails  to  the  very 
)iouudariea  of  the  solar  ejetem.  But  doea  it  hold 
good  further)  Do  the  fixed  stars  also  obey  this 
universal  sway  1  The  idea,  the  (question,  ia  an  obvious 
one, — but  where  are  we  to  find  the  means  of  submit- 
ling  it  to  the  test  of  observation  1 

If  the  Stars  were  each  insulated  from  the  rest,  as 
our  Sun  appeani  to  be  from  them,  we  should  have  been 
qoite  unable  to  answer  this  incjuiry.  But  among  the 
Btars,  there  are  some  which  are  called  Double  lilara, 
and  which  consist  of  two  stars,  so  near  to  each  other 
that  the  teleeco^ie  alone  can  separate  them.  The  elder 
Berschel  diligently  observed  and  measured  the  rela- 
tive poaitions  of  the  two  stars  in  such  paini ;  and  as 
has  so  often  happened  inaatrouomioal  history,  pursuing 
one  object  he  fell  in  with  another.  Supposing  such 
pairs  to  be  really  unconnected,  he  wished  to  learn,  from 
their  phenomena,  something  respecting  the  annual 
parallax  of  the  earth's  orbit.  But  in  the  course  of 
twenty  years'  observations  he  made  the  discovery  (in 
1803)  that  some  of  these  couples  were  turning  round 
each  other  with  various  angular  velocities.  These 
revolutions  were,  for  the  most  part,  bo  alow  that  he 
was  obliged  to  leave  their  complete  detenuination  as 
an  inheritance  to  the  next  generation,  ilis  son  was 
not  careless  of  the  bequest,  and  after  having  added  an 
enormous  mass  of  observations  to  those  of  his  father, 
he  applied  himself  to  determine  the  laws  of  these 
revolutions.  A  problem  so  obvious  and  so  tempting 
waa  attacked  also  by  others,  aa  Savary  and  Encke,  in 
1830  and  1833,  with  the  resources  of  analysis.  But 
a  problem  in  which  the  data  are  so  minute  and  inevi- 
tably imperfect,  required  the  mBthematiciEUi  to  eut^\oj 
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jo^Tueot,  u  Tcll  as  skill  in  nsiog  and  com1iiD^| 
bne  daU;  and  Sir  John  Herschel,  b 
iou  cal^  of  tlie  line  joining  the  p 
&  can  be  ofasoTEd  with  comparativ 
B  ezd*non  of  tbeir  liistances,  (whicli  cannot  \x 
i  whh  nndi  correctness,)  and  by  inventing  4 
ended  upon  the  whole  body  of  obser- 
■ntioaa,  and  not  npoo  selected  ones  only,  for  the  deter- 
nuBatnii  of  UwmotuiD,  has  made  his  investigations  liy 
ttr  the  moat  in>1riftfi?fny  of  those  which  have  appeand 
Tfce  nanh  b,  U»t  it  hiU  been  tendered  very  probable, 
tlwt  in  sennlf^tbe  double  stare  the  two  star?  describe 
eOifaes  about  each  otlrer ;  and  therefore  that  here  also, 
at  an  imnaeaMttable  distance  from  our  systejn,  the  lav 
of  atteactioo  according  to  the  inverse  square  of  the 
dtataoM^  pfcvaiJs.  And,  according  to  the  practice  of 
astromuns  wh«i  a  law  bus  be«n  established.  Tables 
bare  been  calculated  for  the  future  motions ;  and  we 
bare  Eftbemmdee  of  the  revolutic-ns  of  suns  munil 
each  otbex;  in  a  re^on.  ao  remote,  that  the  whole  circle 
of  onr  eartb'd  oriiit,  if  placed  there,  would  be  impei^ 
nptiUe  \ij  mtr  Etrongest  telescopes.  The  permanent 
conii«rison  of  the  observed  with  tiie  predicted  motions, 
continaed  fev  moTe  than  one  revolution,  is  the  severe 
and  deei^re  test  of  tbe  tmth  of  the  theory ;  and  the 
rvmll  <jf  this  test  astronomers  are  now  awaiting. 

[jnd  Ed]  [In  calirulating  the  orbits  of  rerolving 
arstems  of  dnuble  stais,  there  is  a  peculiar  difficulty, 
arising  from  the  plane  of  the  orbit  being  in  a  position 
unknown,  but  probably  oblique,  to  the  visual  my. 
Hence  it  comes  to  pass  that  even  if  the  orbit  be  an 
ellipse  described  about  the  focus  by  the  laws  of  plane- 
tary motion,  it  will  ajipear  otherwise;  and  the  tme 
orbit  will  have  to  be  deduced  from  the  apparent  one. 

With  regard  to  a  difficulty  which  has  been  men- 
tioned, that  the  two  stars,  if  they  are  governed  by 
gravity,  will  not  revolTe  the  one  about  tbe  other, 
bnt  both  aboat  ^eir  common  center  of  gravity; — 
tliiB  circumstance  adds  little  difficulty  to  the  prableu 
Ifewton  has  shown  (Princip.  lib.  i.  Prop.  6i)  i 
jnvilem  q/"  (ico  i»diM,t\i«  vtia<i(m\ft\.'tit»3i'iii»  t 
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tiTe  orHta  and  the  orbit  about  the  common  center  of 
gTOTity. 

How  many  of  lite  appm-eiUly  double  stars  Itave 
orfniual  motions?  Sir  John  Herschel  in  1833  gave, 
in  hia  AHtronony,  (Art,  606,}  a  Hat  of  nine  stars, 
with  periods  esteuding  from  43  years  (ij  Corouis)  to 
1 200  years,  {y  Leonis,)  which  h*  presented  as  the  chief 
results  then  obt^ned  in  this  departincnt  In  hia 
work  on  Double  Stars,  the  Ij-uit  of  his  labours  in  both 
hemispheres,  which  the  aatronomical  work)  are  looking 
for  with  eager  expectation,  he  will,  1  believe,  have  a, 
few  more  to  add  to  these. 

la  it  well  etfablished  that  such  double  stars  attract 
each  other  aecordijtg  to  tJie  law  of  tlie  inverse  sijtiare  of 
the  distance  I  The  answer  to  this  question  must  be 
deterjniaed  by  ascertaining  whether  the  above  cases 
ore  regulated  by  the  laws  of  elliptical  motion.  This 
ii  a  matter  which  it  must  require  a  long  course  of 
careful  observation  to  determine  in  such  a  number  of 
casea  as  to  prove  the  universality  of  the  rule.  Perhaps 
the  minds  of  astronomers  are  still  in  suspense  upon 
the  subject.  Wlien  Sir  John  Herschel'a  work  shall 
appear,  it  will  pi-obably  be  found  that  with  regard  to 
some  of  these  stars,  and  y  Virginia  in  particular,  the 
oonformity  of  the  observations  with  the  laws  of  ellipti- 
cal motion  amounts  to  a  degree  of  exactness  which  muHt 
give  astronomers  a  strong  conviction  of  the  truth  of  the 
law.  For  since  Sir  W.  Herschel'B  firet  measures  in  1 7  8 1 , 
the  arc  described  by  one  star  about  the  other  is  above 
305  degrees;  and  during  this  period  the  angular  annual 
motion  has  been  very  vaiious,  passing  through  all 
gradations  from  about  20  minutes  to  80  degrees.  Yet 
in  the  whole  of  this  change,  the  two  curves  constructed, 
the  one  from  the  observations,  the  other  from  the 
elliptical  elements,  for  the  purpose  of  comparison, 
having  a  total  ordinate  of  305  parts,  do  not,  in  any 
part  of  their  course,  deviate  from  ea«h  other  ao  much 
as  tioo  such  parts.] 

The  verification  of  Newton's  discoveries  was  suffi- 
cient employment  for  the  Jnat  century ;  the  first  ate'^ 
iu  elie  extension  of  them  beloogn  to  this  centwtj.     "^e 
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cannot  at  present  foresee  the  magnitude  of  this  task, 
hut  every  one  must  feel  that  the  law  of  gravitation, 
before  verified  in  all  the  particles  of  our  own  system, 
and  now  probably  extended  to  the  all  but  infinite  dis- 
tance of  the  fixed  stars,  presses  upon  our  minds  with 
a  strong  claim  to  be  accepted  as  a  universal  law  of  the 
whole  material  creation. 

Thus,  in  this  and  the  preceding  chapter,  I  have  given 
a  brief  sketch  of  the  history  of  the  verification  and 
extension  of  Newton's  great  discovery.     By  the  mass 
of  labour  and  of  skill  which  this  head  of  our  subject 
includes,   we   may  judge   of  the  magnitude   of  the 
advance  in  our  knowledge  which  that  discovery  made. 
A  wonderful  amount  of  talent  and  industry  have  been 
requisite  for  this  purpose;  but  with  these,  ext^nal 
means  have  co-operated.     Wealth,  authority,  mecha- 
nical skill,  the  division  of  labour,  the  power  of  asso- 
ciations and  of  governments,  have  been  largely  and 
worthily  applied  in  bringing  astronomy  to  its  present 
high  and  flourishing  condition.     We  must  consider 
briefly  what  has  thus  been  done. 


—TnstTiiments. 


Tee  Instruments  and  Aids  of  AsTRONOiiy  during 
THE  Newtonian  Period. 

Rinatniments  or  other  were  employed  at  all 
ida  of  astronomical  obBervation.  But  it  \ 
Jy  when  obaervation  had  attained  at 
Jgree  of  delicacy,  that  the  exact  constraotion  of  in- 
nunentB  became  an  object  of  serions  care.  Gradually, 
.  the  possibility  and  the  value  of  increased  exa^^nesa 
wune  manifest,  it  was  seen  that  eveiything  which 
raid  improve  the  astronomer's  instruments  was  of 
igh  importance  to  him.  And  hence  in  some  cases  a 
lit  increase  of  size  and  of  expense  was  introduced; 
L  other  coses  new  combinations,  or  the  result  of  im- 
wvementa  in  other  sciences,  were  brought  into  play, 
stenrnve  knowledge,  intense  thought,  and  great 
igennity,  were  requisite  in  the  astronomical  iDstm- 
lent  maker.  Instead  of  ranking  with  artisans,  he 
Kame  a  man  of  science,  sharing  the  honour  and  dig- 
ity  of  the  astronomer  himself. 

I.  Meaware  of  Angles. — Tycho  Brahe  was  the  first 
rtronomer  who  acted  upon  a  due  appreciation  of  the 
nportance  of  good  instruments.  The  collection  of 
loi  at  Uraniburg  was  by  far  the  finest  which  had 
rer  existed.  He  endeavoured  to  give  steadiness  to 
IS  frame,  and  accuracy  to  the  divisions  of  his  iustni- 
le&ts.  His  Mural  Quadrant  was  well  adapted  for 
lis  purpose;  its  radius  was  five  cubits:  it  is  clear, 
iitt  as  we  anlai^athe  instrument  we  are  enabled  to 
L«agure  smaller  area.  On  this  principte  many  lai^e 
untoTM  were  erected.  Cassini'a  celebrated  o 
inrob  of  Ht  Fetroniua  at  Bologna,  was  eightj-tViTce 
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feet  (French)  high.  But  this  mode  of  obtaining  aeon-B 
racy  was  soon  abandoned  for  better  methods.  Three  | 
great  improvements  were  introduced  about  the  Baiue 
time.  The  application  of  the  Micrometer  to  the  tele- 
scope, byHuyghens,  Malvasia,  andAuzont;  the  appli- 
cation of  the  Telescope  to  the  astronomical  i][uadiaiit; 
and  the  fixation  of  the  center  of  ita  field  by  a  Cross  of 
fine  wires  placed  in  the  focus  by  Gaaooigne,  and  after- 
wards by  Picord.  We  may  judge  how  great  was  tlie 
improyement  which  these  contriyances  introduced  into 
the  art  of  observing,  by  finding  that  Heveline  refused 
to  adopt  them  because  they  would  make  all  the  old 
observationa  of  no  value.  He  had  spent  a  laboriouB 
and  active  life  in  the  exercise  of  the  old  methods,  and 
could  not  bear  to  think  that  all  the  treasures  which 
he  had  accumulated  had  lost  their  worth  by  the  dis- 
covery of  a  new  mine  of  richer  ore. 

[and  Ed.]  [Littrow,  in  hia  IKe  Wunder  dea  Him- 
meU,  Ed.  z,  pp.  684,  685,  says  that  Gaacoigne  invented 
and  used  the  telescope  with  wires  in  the  common  focua 
of  the  lenses  in  1640.  He  refers  to  Fhil.  Trans,  sxs, 
603.  Picard  reinvented  this  arrangement  in  1667.  I 
have  already  apoken  of  Gascoigne  as  the  inventor  of 
the  micrometer. 

Eomer  (already  mentioned,  p,  199)  brought  into 
uae  the  Transit  Instrument,  and  the  employment  of 
complete  Circles  instead  of  the  Quadrants  used  till 
then  j  and  by  these  meana  gave  to  practical  astronomy 
a  new  form,  of  which  the  full  value  waa  not  discovered 
till  long  afterwards.] 

The  apparent  place  of  the  object  in  the  instrument 
being  so  precisely  determined  by  the  new  methods, 
the  exact  Division  of  the  arc  into  degrees  and  their 
subdivisions  became  a  matter  of  great  consequence. 
A  aeries  of  artists,  principally  English,  have  acquired 
distinguished  places  in  the  Uata  of  acientific  fame  by 
their  performaocea  in  this  way;  and  from  that  period, 
particular  instmments  have  possessed  historical  interest 
and  individual  reputation,  Graham  was  one  of  the 
first  of  theae  artists.  He  execated,  a  ^eat  Mural  Arc 
for  Halley  at  Gieen'mfiii-,  So'e  "fiTafiie^'W  lyjQ&TasSB:^ 
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the  Sector  which  detected  aberration.     He  rIbo  made 
the  Sector  which  the  French  acsdemieians  carried  to 
XtfLpIand  i    and  probably  the  goodness  of  thia  inatru- 
■  ment,  compared  with  the  imperfection  of  those  which 
were  sent  to  Fern,  was  one  main  cause  of  the  great 
difference  of  duration  in  the  two  series  of  observations. 
Bird,  somewhat  later,'  (about  1750,)  divided  several 
Quadrants  for  public  obsei-vatoriee.     His  method  of 
(ttvidiog  was  considered  so  perfect,  that  the  knowledge 
purchased  hj  the  English  government,  and 
in  1767.     Ramsden  was  equally  celebrated. 
errour  of  one  of  Lis  best  Quadrants  (that  at  Padua) 
to  be  never  greater  than  two  Heconds.     But  at 
akter  period,  Ramsden  constructed  Mural  Circles  only, 
holding  this  to  be  a  bind  of  inatrnmeut  far  b^uperior  to 
tlw  quadrant.     He  made  one  of  five  feet  diameter,  in 
1788,  for  M.  Piazzi  at  Palermo;  and  one  of  eight  feet 
for  the  observatory  of  Dublin.     Troughton,  a  worthy 
tnicceasor  of  the  artists  we  have  mentioned,  liss  in- 
Tented  a  method  of  dividing  the  circle  still  superior  to 
&e  former  ones;    indeed,  one  which  is  theoretically 
f«rfecb,  and  practically  capable  of  consummate  accu- 
racy.    In  this  way,  circles  have  been  constructed  for 
Oreenvich,    Armagh,    Cambridge,   and    many   other 
places;   and  probably  thia  method,  carefully  applied, 
oSers  to  the  astronomer  as  much  exactness  as  his  other 
implements  allow  him  to  receive;  but  the  slightest 
canialty  happening  to  such  an  instrument,  ai^r  tt  has 
lieen  conatructed,  or  any  donbt  whether  the  method  of 
gradufttion  has  been  rightly  applied,  makes  it  unfit  for 
the  jealous  scrnpnlosity  of  modem  astronomy. 

Tiie  Elnglish  artists  sought  to  attain  accurate  mea- 
nremeuta  by  continued  bisection  and  other  aliquot 
snbdiviaion  of  the  limb  of  their  circle;  but  Mayer  pro- 
posed to  obtain  this  end  otherwise,  by  repeating  the 
measure  on  different  parts  of  the  circumference  till  the 
errour  of  the  division  becomes  unimportant,  instead  of 
attempting  to  divide  an  instrumeut  without  errour. 
This  invention  of  the  Repeating  Circle  was  zealously 
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opinion. 

[and  Ed.]  [In  the  series  of  these  great  astrono- 
mieaJ  mechanista,  we  must  also  reckon  George  Reich- 
enbach.  He  was  bom  Aug.  24,  1772,  at  Durlach; 
became  Lieutenant;  of  Axtiilery  in  the  BsTarian  Ser- 
vice in  1794;  (Salinenrath)  Commissioner  of  Salt- 
works in  iSii;  and  in  1820,  First  Commissioner  of 
Water-works  and  Roads.  He  became,  with  Fraim- 
hofer,  the  ornament  of  the  mtichanical  and  optical 
Institute  erected  in  1 805  at  Benedictbeuem  by  Utz- 
schneider  j  and  hix  astronomical  inHtniments,  meridian 
cii-cles,  transit  instruments,  equatorialsj  heliometera, 
make  an  eponh  in  Observing  Astronomy.  His  con- 
trivances in  the  Salt-works  at  Berchtesgaden  and 
Keichenhall,  in  the  Arras  Manufactory  at  Amberg, 
and  in  the  works  for  boring  cannon  at  Vienna,  are 
enduring  monuments  of  his  rare  mechanical  talent 
He  died  May  21,  1826,  at  Munich.] 

2.  Glocki.- — The  improvements  in  the  measures  of 
space  require  corresponding  improvements  in  the  mea' 
sure  of  time.  The  banning  of  anything  which  we 
can  call  accuracy,  in  this  subject,  was  the  ap^ilication 
of  the  Pendulam  to  clocks,  by  Huyghena,  in  1656. 
That  the  successive  oacillations  of  a  pendulum  occupy 
equal  times,  had  been  noticed  by  Galileo ;  but  in  order 
to  take  advantage  of  this  property,  the  pendulum  must 
he  connected  with  machinery  by  which  its  motion  is 
kept  from  languishing,  and  by  which  the  number  of 
its  swings  is  recorded.  By  inventing  such  machinery, 
Huyghena  at  once  obtained  a  measure  of  time  more 
accurate  than  the  sun  itself  Hence  astronomere  were 
soon  led  to  obtain  the  right  ascension  of  a  star,  not  di- 
rectly, by  measuring  a  Dbtance  in  the  heavens,  but  indi- 
rectly, by  observing  the  Moment  of  its  Transit.  This 
observation  is  now  made  with  a  degree  of  acooracy 
which  might,  at  first  sight,  appear  beyond  the  limits  of 
human  sense,  being  noted  toa(e?j(Ao/'o  second  of  time: 
but  we  may  explain  this,  by  remarking  that  though 
the  Dumher  of  the  seconi  at  ^\nc\iftifc^ira.tisiS.W^^Q5. 
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is  ^ven  by  the  clock,  and.  is  reckoned  according  to  the 
course  of  time,  the  subdivision  of  the  second  of  time 
into  smaller  fractions  ia  performed  by  the  eye, — by 
seeiiig  the  space  described  by  the  heavenly  body  in  a 
whole  second,  and  hence  estimating  a  suialler  time, 
according  to  the  space  which  its  description  occupies. 

But  in  order  to  make  clocks  so  acciUBite  as  to  justify 
this  degree  of  precision,  their  construction  was  im- 
proved by  various  persons  in  succesaion.  Picard  soon 
fbimd  tfmt  Huyghens'  clocks  ■were  affected  in  their 
going  Jay  temperature,  for  heat  caused  expansion  of  the 
metallio  pendulum.  This  cause  of  erroui'  was  remedied 
by  combining  different  metals,  as  iron  and  copper, 
which  expand  in  a  different  degree,  in  such  a.  way  that 
tiieir  effects  compensate  each  other.  Graham  aftei^ 
wards  used  quicksilver  for  the  same  purpose.  The 
Stcapement  too,  (which  connects  the  force  which  impeb 
the  clock  with  the  pendulum  which  regulates  it,)  and 
other  parts  of  the  machinery,  had  the  most  refined 
mechanical  skill  and  ingenuity  of  the  best  artists  con- 
stantly bestowed  upon  tbem.  The  astronomer  of  the 
present  day,  constantly  testing'  the  going  of  such  a 
clock  by  the  motions  of  the  fixed  stars,  has  a  scale  of 
time  as  stable  and  as  minutely  exact  as  the  scales  on 
which  he  measures  distance. 

The  construction  of  good  Watches,  that  is,  portable 
or  marine  clocks,  was  important  on  another  account, 
namely,  because  they  might  be  used  in  determining 
the  longitude  of  places.  Hence  the  improvement  of 
this  little  machine  became  an  object  of  national  inte- 
rest, and  was  included  in  the  reward  of  20,000?.  which 
we  ha,ve  already  noticed  as  offered  by  the  English  par- 
liament for  the  discovery  of  the  longitude.  Harrison,^ 
originally  a  carpenter,  turned  bis  mind  to  this  subject 
wiUi  success.  After  thirty  years  of  labour,  in  which 
he  was  encouraged  hy  many  eminent  persons,  he  pro- 
duced, in  1758,  a  time-keeper,  which  was  sent  on  a 
voyage  to  Jamaica  for  trial.  Alter  161  days,  the 
errour  of  the  watch  was  only  one  minute  five  seconds, 
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aad  tJie  artist  received  &am  the  nation  5000?.  At  s, 
later  period,*  at  the  age  of  seventy-five  years,  after  a 
life  deyoted  to  thia  object,  having  still  further  satisfied 
:,  he  received,  in  1765,  iQ,ooot,  at 
!  time  that  Euler  and  the  heii-s  of  Mayer 
1  each  3000?.  for  the  lunar  tables  which  they 
had  constructed. 

The  two  metliods  of  finding  the  longitude,  by  Chro- 
nometers and  by  Lunar  Observations,  liave  solved  the 
problem  for  all  practical  purposes  j  but  the  latter 
could  not  have  been  employed  at  sea  without  the  aid 
of  that  invaluable  instrument,  the  Sextant,  ia  ivbicb 
the  distance  of  two  objects  is  observed,  by  bringing 
one  to  coincide  apparently  with  the  reflected  image  of 
the  other.  Thia  instrument  was  invented  by  Hadley, 
in  1731.  Though  the  problem  of  finding  the  longitude 
be,  in  fact,  one  of  geography  rather  than  astronomy,  it 
ia  an  applicatiou  of  astronomical  science  which  has  so 
materially  affected  the  progress  of  our  knowledge,  that 
it  deservea  the  notice  we  Lave  beatowed  upon  it, 

3.  Telescopes. — We  have  spoken  of  the  application 
of  the  telescope  to  astronomical  measurements,  but  not 
of  the  improvement  of  the  telescope  itself  If  we 
endeavour  to  augment  the  optical  power  of  this  instru- 
ment, we  run,  according  to  the  path  we  take,  into 
various  inconveniences; — distortion,  confusion,  want 
of  lights  or  coloured  images.  Distortion  and  confusion 
are  produced,  if  we  increase  the  magnifying  power, 
retaining  the  length  and  the  aperture  of  the  object- 
glaas.  If  we  diminish  the  aperture  we  suffer  from  loss 
of  light.  What  remains  then  ia  to  increase  the  focal 
length.  This  was  done  to  an  extraordinary  extent,  in 
telescopes  constructed  in  the  beginning  of  the  last  cen- 
tuiy.  Huygheas,  in  hia  £rst  attempts,  made  them  23 
feet  long  ;*  afterwards,  Campani,  by  order  of  Lonia  the 
Fourteenth,  made  them  of  86,  100,  and  136  feet. 
Huyghens,  by  new  exertions,  made  a  telescope  210 
feet  long.     Auzout  and  Hartsoecker  are  said  to  have 
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gone  much  further,  and  to  have  succeeded  in  mating 
an  object-glnss  of  600  feet  focu3.  But  even  auch  tele- 
scopes as  those  of  Campani  are  almost  unmanageflble : 
in  that  of  Huyghens,  the  object-glass  'was  placed  oa  a 
pole,  and  the  observer  was  plac«d  at  the  focus  with  an 
eye-gjaas. 

The  moat  aerioua  objection  to  the  increaae  of  the 
aperture  of  object-glasses,  was  the  coloration  of  the 
image  prodaced,  in  consequence  of  the  unequal  rcfran- 
gibility  of  differently-coloured  rajs.  Newton,  who 
discovered  the  principle  of  this  defect  in  lenses,  had 
maintained  that  the  evil  was  irremediable,  and  that  a 
compound  lena  could  no  more  refract  without  pro- 
ducing colour,  than  a  single  lens  could.  Euler  and 
Klingenstienia  doubted  the  exactness  of  Newton's 
proposition;  and,  in  1755,  Dolloud  disproved  it  by 
esperimeut.  This  discovery  pointed  out  a  method  of 
making  objeot-glaaaes  which  shoidd  give  no  colour; — 
which  should  be  aehromalic.  For  this  purpose  Dol- 
lond  fabricated  various  kinds  of  glass  (flint  and  crown 
glass);  and  Clairaut  and  D'Alembert  calculated  for- 
mute.  Dollond  and  his  boh"  su-cceeded  in  constructing 
telescopes  of  three  feet  long  (with  a  triple  object-glass) 
which  produced  an  effect  as  great  as  those  of  forty-five 
feet  on  the  ancient  principles.  At  first  it  was  conceived 
that  these  discoveries  opened  the  way  to  a  vast  exten- 
sion of  the  astronomer's  power  of  vision ;  but  it  waa 
found  that  the  most  material  improvement  was  the 
compendioua  size  of  the  new  instruments;  for,  in 
in(n:easing  the  dimensions,  the  optician  was  stopped  by 
the  impossibility  of  obtaining  lenses  of  flint-glass  of 
\ery  large  dimensions.  Aud  this  branch  of  art  re- 
mained long  stationary ;  but,  after  a  time,  its  epoch 
of  advance  again  arrived.  In  the  present  century, 
Fraunhofer,  at  Munich,  with  the  help  of  Guinand  and 
the  pecuniary  support  of  Utzschn eider,  succeeded  in 
forming  lenses  of  flint-glaas  of  a  magnitude  till  then 
unheard  o£     Achromatic  object-glasses,  of  a  foot  in 
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diameter,  and  twenty  feet  focal  lengtli,  are  now  no 
longer  impossible^  although  in  such  attempts  the  Eirtiet 
cannot  reckon  on  certain  saccess. 

[and  Ed.]  [Joseph  Fraunhofer  was  bom  March  6, 
1787,  at  Straubing  in  Bft varift,  the  son  of  a  poor  glazier. 
Ho  was  in  his  earlier  years  employed  in  hie  father's 
trade,  so  that  he  was  not  able  to  attend  school,  and 
remained  ignorant  of  writing  and  arithmetic  till  Jiia 
fourteenth  year.  At  a  later  period  he  was  asuRted  by 
Utzachneider,  and  tried  rapidly  to  recover  his  lort 
ground.  In  the  year  i8o6  he  entered  the  establish- 
ment of  Utzachneider  as  an  Optician.  In  this  esta- 
blishment (transferred  from  Benedictbeuern  to  Munich 
in  1819)  he  soon  couie  to  be  the  greatest  Optician  of 
Germany.  His  excellent  telescopes  and  microscopes 
are  known  throughout  Europe.  His  greatest  telescope, 
that  in  the  Observatory  at  Dorpat,  has  an  object-glass 
of  9  inches  diameter,  and  a  focal  length  of  13J  feet. 
Hb  written  productions  are  to  be  found  in  the  Me- 
fnovrs  of  the  Bavarian  Academy,  in  Gilbert's  Annalen 
der  Phj/sifc,  and  in  Schumacher's  AalronomiscAe  Nachr 
riehlen.     He  died  the  7th  of  June,  i8a6.] 

Such  telescopes  might  be  expected  to  add  something 
to  our  knowledge  of  the  heavens,  if  they  had  not  been 
anticipated  by  reflectors  of  an  equal  or  greater  scale. 
James  Gregory  had  invented,  and  Kewton  had  more 
efficaciously  introduced,  reflecting  telescopes.  But 
these  were  not  used  with  any  peculiar  effect,  tUl  the 
elder  Herschel  made  them  his  especial  study.  TTia 
skill  and  perseverance  in  grinding  specula,  and  in  con- 
triving the  best  apparatus  for  their  use,  were  rewarded 
by  a  number  of  curious  and  striking  discoveries,  among 
which,  as  we  have  already  related,  was  the  discovery 
of  a  new  planet  beyond  Saturn.  In  1789,  Herschel 
Borpaaaed  all  his  former  attempts,  by  bringing  into 
action  a  reflecting  telescope  of  forty  feet  length,  with 
a  speculum  of  four  feet  in  diameter.  The  £rst  appli- 
cation of  this  magnificent  instrument  showed  a  new 
satellite  (the  sixth)  of  Saturn.  He  and  his  son  have, 
with  reflectors  of  twenty  feet,  made  a  complete  survey 
of  the  heavens,  BO  Ear-Ba^Jhe^s.TeV^&Xeio.WiaioMsAT^-, 
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and  the  latter  is  now  in  a.  tliatant  region  coinpletiiig 
this  survey,  by  adding  to  it  the  other  hemisphere. 

In  speaking  of  the  improvementa  of  teleacopjea  we 
ought  to  notice,  that  they  hav«  been  pursued  iu  the 
eye-glaases  as  well  as  in  the  objeot-glasaea.  Instead  of 
the  single  lens,  Huyghens  substituted  an  eye-piece  of 
two  lenses,  which,  though  introduced  for  another  pur- 
pose, attained  the  object  of  deutroyiug  colour.^  Rama- 
den's  eye-piece  is  one  fit  to  be  need  with  a  micrometer, 
and  others  of  more  complex  construction  have  been 
used  for  various  purposes. 

Sect.  2. — Ob^eriMtorieg. 

AsTROifOMT,  which  is  thus  benefited  by  the  erection  of 
large  and  stable  instruments,  requires  also  the  esta- 
blkfament  of  permanent  Observatories,  supplied  with 
funds  for  their  support,  and  for  that  of  the  observers. 
Such  observatories  liave  existed  at  all  periods  of  the 
history  of  the  science;  but  from  the  commencement  of 
the  period  which  we  are  now  reviewing,  they  multi- 
plied to  such  an  extent  that  we  cannot  even  enumerate 
them.  Yet  we  must  undoubtedly  look  upon  such 
establishments,  and  the  labours  of  which  they  have 
been  the  scene,  as  impoi-tant  an-d  esttential  parts  of  the 
history  of  the  progress  of  asti'onomy.  Some  of  the 
most  distinguished  of  the  observatories  of  modern 
times  we  may  mention.  The  first  of  these  wei-e  that 
of  T^cho  Brahe  at  Uraniburg,  and  that  of  the  Land- 
grave of  Hesse  Cadsel,  at  Cassel,  where  Rothman  and 
Byrgius  observed.  But  by  far  the  most  important 
observations,  at  least  since  those  of  Tycho  which  were 
the  basis  of  the  discoveries  of  Kepler  and  Newton, 
have  been  made  at  Paris  and  Greenwich.  The  obser- 
vatory of  Paris  was  built  in  1667.  It  was  there  that 
the  first  Cassini  made  many  of  his  discoveries;  three 
of  his  descendants  have  since  laboured  in  the  same 
place,  and  two  others  of  hia  family,  the  Maraldis;' 
besides  many  other  eminent  astronomers,  as  Picard, 
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La  Hire,  LefSvre,  Fouclij,  Legentil,  Chappe,  MScbiUM 

Bouvard.  Greenwich  observatory  was  boilt  &  fen" 
years  later  (1675);  and  ever  since  its  erection,  tie 
obBervfttiona  there)  made  have  been  the  foundation  of 
the  greatest  improveraeuta  which  astronomy,  for  the 
time,  received,  FlanaBteed,  Hal  ley,  Brftdley,  Bliss, 
Maakelyne,  Pond,  have  occupie'l  the  place  in  succes- 
sion ;  on  the  retirement  of  the  last-named  aatroaomer 
in  1835,  Prafeaaor  Airy  waa  removed  thither  from 
the  Cambridge  observatoiy.  In  every  state,  and  in 
almost  every  principality  in  Eutojm,  ObaervatoriM 
have  been  established;  but  these  huve  often  fallen 
speedily  into  inaction,  or  have  contributed  tittle  to  the 
progress  of  astronomy,  hecanse  their  observations  have 
not  been  puhiisted.  Fi-om  the  same  causes,  the  nu- 
merous private  observatories  which  exist  throughout 
Europe  have  added  little  to  our  knowledge,  except 
where  the  attention  of  the  astronomer  haa  been  directed 
to  some  definite  points ;  as,  for  instance,  the  magnificent 
labours  of  the  Herschels,  or  the  skilfn!  observations 
made  by  Mr.  Pond  with  the  Westbury  circle,  which 
first  pointed  out  the  erroiir  of  graduation  of  the  Green- 
wich quadrants.  The  Observations,  now  regularly 
published,'  are  those  of  Greenwich,  begun  by  Maske- 
lyne,  and  continued  quarterly  by  Mr.  Pond;  those  of 
Kiinigsberg,  published  by  Eessel  since  1S14;  ofVienna, 
by  littrow  since  1820;  of  Bpeier,  by  Schwerd  since 
1826;  those  of  Camljridge,  commenced  by  Airy  in 
i8z8;  of  Armagh,  by  Robinson  in  1829.  Besides 
these,  a  number  of  useful  observations  have  been  pub- 
lished in  journals  and  occasional  forms ;  as,  for  instance, 
those  of  Zach,  made  at  8eebei^,  near  Gotha,  since 
1788;  and  others  have  been  employed  in  forming 
catalogues,  of  which  we  shall  speak  shortly. 

[2od  Ed.]  [I  have  left  the  statement  of  published 
OtKervations  in  the  text  as  it  stood  originally.  I 
believe  that  at  present  (1847)  the  twelve  places  con- 
tained in  the  following  list  publish  their  Observa- 
tions   quite   regularly,   or    neariy   so ; — Greenwich, 
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Oxford,  Cambridge,  "Viennft,  Berlin,  Dorpat,  Munich, 
GenevEt,  Paria,  Konigsborg,  Madras,  the  Cape  of  Good 

Littrow.  in  hia  translation,  adds  to  the  publications 
noticed  ia  the  text  aa  containing  astronomical  ObsM-- 
vEtions,  Zach'a  Monatliche  Correapcmdenx,  Lindeaau 
and  Bohnenberger'a  ZeiUchnfl /lir  Aetronornie,  Bode'a 
A^ronomiaehea  Ja/irhich,  8chu:aaclier'e  AgtronoitdscAe 
Ifaehric/Uen.'\ 

Nor  has  the  establishment  of  observatories  been 
confined  to  Europe.  In  1786,  M,  de  Beaiichamp,  at 
the  expense  of  Louis  the  Sixteenth,  erected  an  oteer- 
Tatory  at  Bagdad,  'built  to  rentore  the  Chaldean  and 
Arabian  obaervations,'  aa  the  inscription  stated;  but, 
probably,  the  restoration  once  effected,  the  main  inten- 
tion had  been  fulfilled,  and  little  perseverance  in  ob- 
serving was  thought  necessary.  In  i8ad,  the  British 
goTemment  completed  the  building  of  an  observatory 
at  the  Cape  of  Uood  Hope,  whieh  Lacailie  had  already 
made  an  astronomical  station  by  his  observations  thei-e 
at  an  earlier  period  (1750);  and  an  observatory  formed 
in  New  South  Wales  by  Sir  T.  M.  Brisbane  in  i8z3, 
and  presented  by  him  to  the  government,  is  also  in 
activity.  The  Kast  India  Company  has  founded  obser- 
vatories at  Madras,  Bombay,  and  St.  Helena;  and 
observations  made  at  the  former  of  these  places,  and 
at  8t  Helena,  have  been  publiabed. 

The  bearing  of  the  work  done  at  such  observatories 
upon  the  past  progress  of  astronomy,  has  already  been 
seen  in  the  preceding  narrative.  Their  bearing  upon 
the  present  condition  of  the  science  will  be  the  subject 
of  a  few  remarks  hereafter. 

Seel.  3, — Scientific  Societies. 

The  influence  of  Scientific  Bocietice,  or  Academical 
Bodies,  has  also  been  very  powerful  in  the  subject 
before  us.  In  aU  branches  of  knowledge,  the  use  of 
such  associations  of  studious  and  inquiring  1 
great;  the  clearuess  and  ooherence  of  a  « 
idea^  and  their  agreement  with,  facts,  (the  two  n 
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conditions  of  scientific  truth,)  are  severely  but  bene- 
ficially tested  bj  collision  with  other  minds.  In  aatro- 
nomy,  moreover,  the  vast  extent  of  the  subject  makra 
requisite  the  division  of  labour  and  the  support  of 
sympathy.  The  Koyal  Societies  of  London  and  of 
Paris  were  founded  nearly  at  the  same  time  as  the 
metropolitan  Observatories  of  the  two  countries.  We 
have  seen  what  constellations  of  philosophers,  and  what 
activity  of  research,  existed  at  those  periods;  these 
philosophers  appear  ia  the  lists,  their  discoveries  in 
the  publications,  of  the  above-mentioned  eminent  So- 
cieties. As  the  progress  of  physical  science,  and  prin- 
cipally of  aatrouomy,  s.tlracted  more  and  more  admi- 
ration, Academies  were  created  in  other  countries. 
That  of  Berlin  was  founded  by  Leibnitz  in  I'jio;  that 
of  St.  Petersburg  was  established  by  Peter  the  Great 
in  1725;  and  both  these  have  produced  highly  vaJuai>le 
Memoirs.  In  more  nnodern  times  these  associations 
have  multiplied  almost  beyond  the  power  of  estima- 
tion. They  have  been  formed  according  to  divisions, 
both  of  locality  and  of  subject,  conformable  to  the 
present  extent  of  science,  and  the  vast  population  of 
its  cultivators.  It  would  be  useless  to  attempt  to  ^ve 
a  view  either  of  their  number  or  of  the  enormous 
mass  of  scientifio  literature  which  their  Transactions 
present.  But  we  may  notice,  as  specially  connected 
with  our  present  subject,  the  Astronomical  Society  ol 
London,  founded  in  1820,  which  gave  a  strong  impulse 
to  the  pursuit  of  the  science  in  England. 


Sect.  4. — Patrons  of  AsCrwwmy. 
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The  advantages  which  lettera  and  philosophy  derive 
from  the  patronage  of  the  great  have  sometimes  been 
questioned;  that  love  of  knowledge,  it  has  been  thought, 
cannot  be  genuine  wLich  requires  such  stimulation, 
nor  those  speculations  ii'ee  and  true  which  are  thus 
forced  into  being.  In  the  sciences  of  observation  and 
calculation,  however,  in  which  disputed  questions  can 
be  experimentally  decided,  and  in  which  opinions  are 
not  disturbed  by  inen'a'ptBjtAiMiY'™-'^"?^^^*"^^™''^"'^^^ 
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there  is  nothing  necessarily  operating  to  poison  or 
neutralize  the  resources  which  wealth  and  power  supply 
to  the  investigation  of  truth. 

Aatronomy  has,  in  all  ages,  flouriahed  under  the 
&rour  of  the  rich  and  powerful ;  in  the  period  of 
which  we  speak,  this  was  eminently  the  case.  Louia 
the  Fourteenth  gave  to  the  aatronomy  of  France  a 
diatinctioa  which,  without  hitn,  it  coutd  uot  have 
attained.  No  step  perhaps  tended  mora  to  this  than 
hia  bringing  the  celebrated  Dominic  Cassini  to  Paris. 
This  Italian  astronomer  (for  he  was  born  at  Permaldo, 
in  the  county  of  Nice,  and  waa  professor  at  Bologna,) 
was  already  in  possession  of  a  brilliant  reputation, 
when  the  French  ambauaadoi*,  in  the  name  of  hia 
sovereign,  applied  to  Pope  Clement  the  Ninth,  and  to 
the  senate  of  Bologna,  that  he  should  be  allowed  to 
remove  to  Pane.  The  request  wob  granted  only  so 
for  aa  an  absence  of  six  years ;  hut  at  the  end  of  that 
time,  the  benefits  and  honours  which  the  King  had 
conferred  upon  him,  fixed  him  iu  France.  The  impube 
wtiich  hjs  arrival  (in  1669)  and  his  residence  gave  to 
astronomy,  showed  the  wisdom  of  the  measure.  In 
the  same  spirit,  the  French  goTemraent  drew  to  Paris 
Bomer  from  Deamark,  Huyghena  from  Holland,  and 
gave  a  pension  to  Hevelins,  and  a  largo  sum  when  his 
observatory  at  Dantzic  bad  been  destroyed  by  fire  in 
1679. 

Wben  the  sovereigns  of  Prussia  and  Russia  were 
exerting  themselves  to  encour^e  the  Bcieiices  in  their 
countries,  they  followed  the  same  coui-se  which  had 
been  ao  successful  in  France.  Thus,  as  we  have  said, 
the  Czar  Peter  took  Delisle  to  Petersburg  in  1725; 
the  celebrated  Frederic  the  Great  drew  to  Berlin, 
Voltaire  and  Maupertuis,  Enler  and  Lagrange;  andthe 
^Empress  Catharine  obtained  in  the  aarrie  way  Euler, 
two  of  the  BemouUis,  and  other  mathematicians.  In 
none  of  these  instances,  however,  did  it  happen  that 
'the  generous  plant  did  still  its  stock  renew,'  as  we 
have  seen  was  the  case  at  Paris,  with  the  Cassinis,  and 
their  kinsmen  the  MaraJ(Jis. 

l^nd  EJ.J    [I  may  notdce  among  instances  ot  'Oiiei 
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patronage  of  Aatronoray,  the  reward  at  present  offered 
by  the   King   of  Denmark  for  the   discovery  of 
Comet.] 

It  is  not  neeesaary  to  mention  here  the  more  recent 
cases  in  which  sovereigns  or  statesmen  have  attemptedl 
to  patronize  individual  astronomers. 

Sect.  g. — Astrtmomieal  Expeditions. 

Besides  the  pensions  thus  bestowed  upon  resident 
mathematiciajis  and  astronomers,  the  govemmenta  of 
Europe  have  wisely  and  usefully  employed  conaiderablB 
suras  upon  expeditions  and  travels  undertaken  by  nen 
of  soieuce  for  some  appropriate  object.  Thus  Picard, 
in  1671,  was  sent  to  Uraniburg,  the  scene  of  Tycho's 
observations,  to  determine  its  latitude  and  its  longi- 
tude. He  found  that '  the  City  of  the  Skies'  had  utterly 
disappeared  from  the  earth;  and  even  its  foundations 
were  retraced  with  difficulty.  With  the  same  object, 
that  of  accurately  connecting  the  labours  of  the  places 
which  had  been  at  different  periods  the  metropolis  of 
astronomy,  Chazelles  was  sent,  in  1693,  to  Alexandria. 
We  have  already  mentioned  Ricjher'a  aatronoraioal 
expedition  to  Cayenne  in  167  a.  Varin  and  Deshayea* 
were  sent  a  few  years  later  into  the  same  regions  for 
simiJar  purposes.  Ualley'a  expedition  to  St.  Helena 
in  1677,  with  the  view-  of  observing  the  southern  star^ 
was  at  his  own  expense;  but  at  a  later  period  (in 
1698,)  he  was  appointed  to  the  command  of  a  small 
vrasel  by  King  William  the  Third,  in  order  that  he 
might  make  his  magnetical  observations  in  all  parts  of 
the  world.  Lacaille  was  maintained  by  the  Frenoh 
government  four  years  at  the  Cape  of  Good  Hope 
{1750-4,)  for  the  pui-pose  of  observing  the  stars  of  die 
southern  hemisphere.  The  two  transits  of  Venus  in 
1761  and  1769,  occasioned  expeditions  to  be  sent  to 
Kamtachatka  and  Tobolsk  by  the  Russians;  to  the 
Isle  of  Prance,  and  to  Coromandel,  by  the  JJVenohj^" 
to  the  isles  of  St,  Helena  and  Otaheite  by  '     ~ 
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to  lApland  and  to  DroDtheim,  hy  tLe  Swedes  and 
Duiea.  I  shall  not  here  refer  to  the  measures  of  degrees 
executed  hy  various  nations,  still  less  the  innumei-able 
surveys  bj  land  and  sea;  but  I  may  just  notice  the 
successive  English  expeditions  of  Captains  Baail  Hall, 
Sabine,  and  Poster,  for  the  purpose  of  detei-mining  the 
length  of  the  seconda'  pendulum  in  different  latitudes; 
and  the  voyages  of  M.  Biot  and  others,  sent  by  the 
French  government  for  the  same  purpose.  Much  has 
been  done  in  this  way;  but  not  more  than  the  progress 
of  astronomy  absolutely  required;  and  only  a  small 
portion  of  that  which  the  completion  of  the  subject 
calls  for. 

Seel.  6. — Present  Slate  of  Aelronomy. 

AsTEONOHT,  in  its  preaont  condition,  is  not  only  much 
the  most  advanced  of  the  soieU'Ces,  but  is  also  in  far 
more  lavourahle  circumstances  than  auy  other  science 
for  making  any  future  advance,  as  soon  as  this  ia  pos- 
sible. The  general  methods  and  conditions  by  which 
such  an  advantage  is  to  be  obtained  for  the  various 
sciences,  we  shall  endeavour  hereafter  to  throw  some 
light  upon;  but  in  the  mean  time,  we  may  notice  here 
some  of  the  circumstances  in  which  this  peculiar  feli- 
city of  the  present  state  of  astronomy  may  be  traced. 

The  science  ia  cultivated  by  a  number  of  votaries, 
with  an  assiduity  and  labour,  aaid  with  an  expenditure 
of  private  and  public  resources,  to  which  no  other 
subject  approaches;  and  the  mode  of  its  cultivation  in 
-all  public  and  most  private  observatories,  has  this 
character;  that  it  forms,  at  the  same  time,  a  constant 
process  of  verification  of  existing  discoveries,  and  a 
strict  search  for  any  new  diacoTerable  laws.  The  ob- 
servations made  are  immediately  refeiTed  to  the  best 
tables,  and  corrected  by  the  best  formulie  which  are 
known;  and  if  the  result  of  Buch  a  reduction  leaves 
anything  unaccounted  for,  the  astronomer  is  forthwith 
curious  and  anidous  to  trace  this  deviation  Irom  the 
expected  numbers  to  ita  rule  and  its  origin.',  aiiAtUV 
the  dist,  at  least,  of  these  things  ia  peTforme4,\ia  \& 
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diflsatisfied  and  nnqniet.  The  reference  of  obaervatioM 
to  the  stat«  of  the  beaveos  as  kDown  by  preTiima 
researcheiB,  impliea  a  great  amount  of  calculation.  The 
exact  placi«  of  the  Btars  at  some  standard  period  an 
KtMrded  ia  C'atalogties ,-  their  movementa,  according  to 
the  laws  hitherto  detected,  are  airaoged  in  Tabla; 
and  if  theae  tables  are  applied  to  predict  the  nTimben 
which  observation  on  each  day  ought  to  give,  they 
form  Ephemerida.  Thus  the  catalogues  of  fixed  stars 
of  Flamateed,  of  Fiazzi,  of  Masketyne,  of  the  Agro- 
nomical Society,  are  the  baeia  of  all  observation.  To 
these  are  applied  the  Correctiona  for  B.efi'ikCtion  c€ 
Bradley  or  Bessel,  and  those  for  Aberration,  for  Nuta- 
tion, for  Prectaaion,  of  the  best  modem  astronomei& 
The  observatlonH  so  corrected  enable  the  observer  to 
satisfy  himself  of  the  delicacy  and  fidelity  of  his 
meaanres  of  time  and  space;  his  Clocks  and  his  Arcs. 
But  this  being  done,  different  stars  so  observed  can  be 
Comp:ired  with  each  other,  and  the  astronomer  oan  then 
endeavour  further  to  correct  his  fiindamental  Mements; 
— his  Catalogue,  or  his  Tables  of  Correctiona.  In 
these  Tables,  though  previous  discoveiy  has  aecertaiiied 
the  law,  yet  the  exact  quantity,  the  comtaiU  or  eo^ 
dent  of  the  formnla,  can  be  exactly  fised  only  by 
numerous  observations  and  comparisons.  This  in  M^k 
labour  which  is  still  going  on,  and  in  which  there  W^H 
differences  of  opinion  on  almost  every  point;  but  thsH 
amount  of  these  differences  is  the  strongest  evidenrt 
of  the  certainty  and  exactness  of  those  doctrines  id 
which  all  agree.  Thus  Lindenau  makes  the  coefficient 
of  Nutation  rather  less  than  nine  seconds,  which  other 
astronomers  give  as  about  nine  seconds  and  three 
tenths.  The  Tables  of  Refi-actJon  are  still  the  subject 
of  much  discnasion,  and  of  many  attempts  at  improTS- 
ment.  And  after  or  amid  these  discuasions,  arise 
questions  whether  there  be  not  other  corrections  ot 
which  the  law  has  not  yet  been  assigned.  The  most 
remarkable  example  of  such  questions  is  the  oontro- 
versy  concerning  the  existence  of  an  Annual  Parallax 
of  the  fised  stars,  which  Erinkley  asserted,  and  which 
Pond  denied.    Sucha  dispute \iet-«eei\\r«Q  ol'Ctm'VnA. 
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modem  observera,  only  proves  that  the  qnantity  in 
question,  if  it  really  exist,  is  of  the  same  oi'der  as  the 
hitherto  imaiinnouiited  errors  of  inatnimentB  and  cor- 
rectiona 

[and  Ed.]  [The  belief  in  an  appreciable  parallax  of 
some  of  the  fixed  stars  appears  to  gain  ground  among 
astronomers.  The  parallax  of  61  Ci/ffni,  as  determined 
by  Beesel,  is  o"'34;  about  one  third  of  s  second,  or 
i-ioooD  of  a  degree.  That  of  a  Centauri,  as  deter- 
mined by  Maclear,  is  o"-g,  or  1-4000  of  a  degree.] 

But  besides  the  fixed  stara  and  their  corrections, 
the  astronomer  has  the  motione  of  the  planets  for  his 
field  of  action.  The  established  theories  hare  given  us 
tables  of  these,  from  which  their  daily  places  are  cal- 
cnlated  and  given  in  our  Ephemerides,  as  the  Berliner 
Jahrbueh  of  Encke,  or  the  Nautical  Almanac,  published 
by  the  government  of  this  country,  the  Connaiaaance 
des  Temg  which  appears  at  Paris,  or  the  Effemeridi 
cU  MUaiw.  The  eompiarison  of  the  observed  with 
the  tabular  place,  gives  us  the  means  of  correcting 
the  coefficients  of  the  tables;  and  thus  of  obtaining 
greater  exactness  in  the  constants  of  the  solar  Bystesi. 
£ut  these  constants  depend  u|ion  the  mass  and  form 
of  the  bodies  of  which  the  system  ia  composed;  and 
in  this  province,  as  well  as  in  sidereal  astronomy, 
difierent  determinations,  obtained  by  different  paths, 
may  be  compared;  and  doubts  may  be  raised  and 
may  be  solved.  In  this  way,  the  perturbations  pro- 
duced by  Jupiter  on  different  planets  gave  rise  to  a 
doubt  whether  his  attraction  he  really  proportional 
to  his  mass,  as  the  law  of  universal  gravitation 
asserts.  Tbe  doubt  has  been  solved  by  Nicolai  and 
Encke  in  Gennany,  and  liy  Aiiy  in  England.  The 
mass  of  Jupiter,  as  shown  by  the  pertui-bationa  of 
Jnno,  of  Vesta,  and  of  Encke's  Comet,  and  by  the  mo- 
tion of  his  outermost  Satellite,  ia  found  to  agree,  though 
different  from  the  mass  previously  i-eeeived  on  the 
authority  of  Laplaee.  Thus  also  Burekhardt,  Littrow, 
and  Airy,  have  corrected  the  elements  of  the  Solar 
Tables.  In  other  cases,  the  astronomer  finds  that  no 
change  of  the  coe&denta  will  bring  theTaWes  aai'i) 
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obaervfttions  to  a  coincidence;— that  a  new  tern 
the  formula  is  wanting.     He  obtaisB,  as  far  aa  he 
the  law  of  this  unknown  term ;  if  possible,  he  h 
it  to  some  known  or  prohable  cause.     Thus  Mr.  J 
in  his  examination  of  the  Solar  Tables,  not  only  fi 
that  a  diminution  of  the  received  mass  of  Msn  ^ 
necessary,  but  perceived  discordttncea  which  led  him 
suspect  the  exiatence  of  a  new  inequality.     Such 
inequality  was  at  length  found  to  result  theoret 
from  the  attraction  of  Yenus.     Encke,  in  his  exai 
tion  of  his  comet,  found  a  diminution  c 
time  in   the  auccessiye  revolutions  j    from  which 
inferred  the  existence  of  a  resisting  medium, 
still  deviates  from  his  tabular  place,  and   the  caU 
remains  yet  to  be  discovered,     (But  see  the  Addttit 
to  this  volume.) 

Thus  it  is  iropoBsible  that  an  assertion,  false  to  ■ 
amount  which  the  existing  state  of  observatioii  t 
easily  detect,  should  have  any  abiding  prevalence 
astronomy.     Such  errours  may  long  keep  thei: 
in  any  science  which  is  contained  mainly  iu 
works,  and  studied  in  the  closet,  but  not  acted  1^ 
elsewhere; — whicLis  reasoned  upon  much,  batbroaj 
to  the  test  of  experiment  rarely  or  never, 
the  oontrary,  an  errour,  if  it  arise,  makes  its  wayii 
the  Tables,  into  the  Ephemeris,  into  the  obsMTt 
nightly  List,  or  his  sheet  of  Reductions ;  the  eviden 
sense  flies  in  its  face  in  a  thousand  observatories;  ti 
discrepancy  is  traced  to  its  source,  and  soon  dieapp 
for  ever. 

In  this  favoured  branch  of  knowledge,   the 
recondite  and  delicate  discoveries  can  no  more  i 
doubt  or  contradiction,  than  the  most  palpable 
of  Benae  which  the  &ce  of  nature  offers  to  our  ni 
The  last  great  discovery  in  astronomy,— the  motioil 
the  stars  arising  Irom  Aberration,— ia  as  obvious  to 
vast  population  of  astronomical  observers  in  all  n 
of  the  world,  as  the  motion  of  the  stars  about  the  | 
is  to  the  casual  night-wanderer.     And  this  immu 
irom  the  danger  of  any  large  errour  in  the 
doctrineHj  is  a  firm  t^WSotiii  c(fl.'w\siQ'tt  the 
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can  stand  and  exert  himself  to  reach  perpetually  further 
and  further  into  the  region  of  the  unknown. 

The  same  scrupulous  care  and  diligence  in  record- 
ing all  that  has  liitherto  been  ascertained  liau  been 
estended  to  those  departments  of  Bfltrooomy  in  which 
we  have  as  yet  no  general  principles  which  serve  to 
bind  together  our  acquired  treasures.  These  records 
may  be  considered  as  constituting  a  Descriptive  Aalro- 
nomy;  nuch  ore,  for  instance,  Catalogues  of  StAi-s,  and 
Maps  of  the  Heavens,  Maps  of  the  Moon,  representa- 
tions of  the  appearance  of  the  Sun  and  Planets  as  seen 
through  powerful  telesoopes,  pictures  of  Nebulie,  of 
Comets  and  the  like.  Thus,  besides  the  Catalogue  of 
Fundamental  Stars  which  may  be  considered  as  stan- 
dard points  of  reference  for  all  observations  of  the 
8an,  Moon,  and  Planets,  there  exist  many  large  cata- 
logues of  smaller  stars.     Flamsteed'a  Historia  CeleslU, 

' '  hmuch surpassed anypreTiousoatalogue, contained 
e  3000  stars.  But  in  1801,  the  French  HiatiATt 
I  appeared,  comprising  observations  of  50,000 
Catalogues  or  charts  of  other  special  portions 
of  the  sky  have  been  published  more  recently ;  and  in 
1825,  the  Berhu  Academy  proposed  to  the  astrono- 
mers of  Europe  to  carry  on  this  work  by  portioning 
out  the  heavens  among  them. 

[and  E(L]  [Before  Flarasteed,  the  best  Catalogue 
of  the  Stars  waa  Tycho  Brahe'a,  containing  the  places 
of  about  1000  stars,  determined  very  roughly  with  the 
naked  eye.  On  the  occasion  of  a  project  of  finding 
the  longitude,  which  waa  offered  to  Charles  II.,  in 
1674,  Flamateed  represented  that  the  method  waa 
quite  useless,  in  consequence,  among  other  things,  of 
the  inaccuracy  of  Tycho's  places  of  the  stars.  Flam- 
steed's  letters  being  shown  King  Charles,  he  was 
startled  at  the  assertion  of  the  fixed  stars'  places  being 
fiUse  in  the  Catalogue,  and  said,  with  some  veliemence, 
'He  must  have  them  anew  observed,  examined,  and 
corrected,  for  the  use  of  his  a«amen.'  This  was  the 
immediate  occasion  of  building  Greenwich  Observa- 
tory, and  jAaciDg  Flamateed  there  as  an  obsetvec. 
Flamsteed'a  -ffu/t/ria  CelfMis   contained   above   3000 


logues  o 

Kin.    < 
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Bbaxs,  olifierved  with  telescopic  sigbts.  It  has  reccntlj 
been  republished  with  important  improvementB  1^ 
Mr.  Baily.     See  BaOy'a  Flamsteed,  p.  38. 

The  French  Btatoire  Celeste -was  published  in  1801 
by  Lalande,  containing  50,000  stars,  simply  as  observed 
by  himself  and  trther  French  astronomers.  The  reduc- 
tion of  the  observations  contained  in  this  Catalogue 
to  the  mean  places  at  the  beginning  of  the  year  1800 
may  be  effected  by  means  of  Tables  published  by 
Schumacher  for  that  purpose  in  1825. 

In  1807,  Piazzi'a  Catalogue  of  6748  stars,  foandeJ 
on  Maskelyne'B  Catalogue  of  ijoo,  waa  published; 
afterwards  extended  to  7646  stai-e  in  1814.  This  is 
considered  as  the  great^t  work  imdertakea  by  inj 
modern  astronomer;  the  observations  being  well  made, 
reduced,  and  compared  with  those  of  former  astrono- 
mers. Piazzi's  Catalogue  is  the  standard  and  aecurate 
Catalogue,  as  the  Hisioire  Celesle  is  the  etandiird  ap- 
proaimate  Catalogue  for  small  stars.  But  the  ne' 
planets  were  discovered  mostly  by  a  comparison  of  tie 
heavens  with  Bode's  (Berlin)  CataJogue. 

I  maymention  other  Cataloguee  of  Stare  which  Isve 
recently  been  published.  Pond's  Catalogue  contulu* 
ma  Northern  stara;  Johnson's,  606;  Wi-otteaJej'i 
1318  (in  Right  Ascension  only);  Airy's  Firat  CsB- 
bridge  Catalogue,  726;  his  Greenwich  Catalogue. 
1439.  Pearson's  has  520  zodiacal  stars;  Gn»m- 
bridge's,  4243  circiimpolar  stars  as  far  as  50  degreea  of 
Nortb  Polar  distance;  Santini's,  a  zone  18  d^rees 
North  of  the  equator.  Besides  these,  Mr.  Taylor  baa 
published,  by  order  of  the  Madras  goTemraent,  a  Cata- 
logue of  1 1,000  stars  observed  by  him  at  Madras;  Bud 
Kumker,  who  observed  in  the  Observatory  establiahed 
by  Sir  Thomas  Biisbane  at  Paramatta,  (in  Auatrilia,) 
has  commenced  a  Catalogue  which  is  to  contain  12,000. 
Mr,  Baily  published  two  Standard  Catalogues ;  thSit  of 
the  Royid  Astronomical  Society,  containing  2881  sUn; 
and  that  of  the  British  Assa«iation,  containing  837I  1 
stars.  I  omit  other  Catalogues,  as  those  of  ArgelanJ^MB 
tfcc,  and  Catalogues  of  Southei-n  Stai-s,  ^M 

Of  the  Berlin  M.a,pa,icra*tee\i.VaMam'^\.^  A'^^H 
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rion  have  been  publiaLed;  and  their  value  may  be 
judged  of  by  tbia  circumatence,  that  it  was  in  a  great 
measure  by  comparing  the  heavens  with  these  Maps 
that  the  new  planet  Astnea  was  discovered.  The 
Zone  obseryationa  made  at  Konigaberg,  by  the  late 
illustrious  astronomer  Besael,  deserve  to  be  mentioned, 
as  embracing  a  viist  number  of  s  tars. 

The  common  mode  of  (fc«jjiaiinp  t}ie  Stars  is  fmmded 
upon  the  ajicient  constellations  as  given  by  Ptolemy ; 
to  which  Bayer,  of  Augsburg,  in  his  Uranotnetria, 
added  the  artiiice  of  designating  the  brightest  stars  in 
each  constellation  by  the  Greek  letters,  a,  (i,  y,  itc, 
applied  in  order  of  brightness,  and  when  these  were 
exhausted,  the  Latin  letters.  PlanisteeJ  used  num- 
bers. Aa  the  number  of  observed  stars  increased, 
various  methods  were  employed  for  designating  them ; 
and  the  confusion  which  has  been  thus  introduced, 
both  with  regard  to  the  boundaries  of  the  const-ella- 
tioDS  and  the  nomenclature  of  the  stars  in  each,  has 
been  much  complained  of  lately.  Some  attempts  have 
been  made  to  remedy  this  variety  and  disorder.  M. 
Argelander  has  recently  recoixl^ed  stars,  according  to 
their  magnitudes  as  seen  by  the  naked  eye,  in  a  JVewe 
i7nwMwneine. 

Among  representations  of  the  Moon  I  may  mention 
Hevelius's  SdenograjJiia,  a  work  of  former  times,  and 
Beer  and  Madler's  Map  of  the  Moon,  recently  pub- 
lished] 

I  have  already  said  something  of  the  observations 
of  the  two  HerscheJs  on  Double  Stare,  which  have 
led  to  a  knowledge  of  the  law  of  the  revolution  o 
Guch  systems.  But  besides  theae,  the  same  Uiufitrious 
astronomers  have  accumulated  enormous  ti-eaaures  of 
observatiouH  of  Nehvia;  the  materials,  it  may  be, 
hereafter,  of  some  vast  new  generalization  with  respect 
to  the  history  of  the  system  of  the  universe. 

[and  Ed.]  [A  few  measures  of  Double  Stars  are  to 
be  found  in  previous  astronomical  records.  But  the 
epoch  of  the  creation  of  this  part  of  the  science  of 
aatroDDBij  wast  be  placed  at  the  be^nuiiig  o^  ft\e 
present  ceutary,  when  Sir  William  Herschtl  Uq  ifeo;'^ 
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publislied  in  the  Phil.  Trant.  &  Catalogue  of  Jioo  new 
Nebnlte  of  TariouB  classea,  aod  in  the  FAil.  Traia. 
1803,  a.  paper  '  On  t]ie  changes  in  the  relative  aitna- 
tion  of  the  Double  Stars  in  25  years.'  In  succeeding 
papers  lie  pursued  the  subject.  In  one  in  1814  be 
noticed  the  breaking  up  of  the  Milky  Way  in  different 
places,  apparently  from  some  principle  of  AttractiDD; 
and  in  this,  and  in  one  in  1817,  he  published  those 
remarkable  views  on  the  distribution  of  the  atais  in 
onr  own  cluster  as  forming  a  large  stratum,  and  on 
the  connexion  of  stars  and  nebulfe  (the  stars  appearing 
sometimes  to  be  accompanied  by  nebulie,  Bometimes  to 
liave  al)soi'hed  a  part  of  the  nebula,  and  sometimes  to 
have  been  formed  from  oebuloe)  which  have  been  ac- 
cepted and  propounded  by  others  as  the  Nebular  Theory. 
Sir  William  Herschel'a  last  paper  was  a  Catalogue  of 
145  new  Double  Stars  communicated  to  the  Astrono- 
mical Society  in  1822.  In  1827  M.  Stmve,  of  Dorpat, 
(in  Eussia,)  published  his  Catalogws  Novua,  containing 
the  places  of  3 1 1 3  double  stars.  While  this  was  going 
on,  Sir  John  Herschel  and  Sir  James  South  published 
(in  the  Phil.  Trans.  1824)  accurate  measures  of  380 
Double  and  Triple  Stare,  to  which  Sir  J.  South  after- 
wards added  458.  Mr.  Dunlop  published  measures  of 
353  Southern  Double  Stars.  Other  Observations  have 
been  published  by  Capt,  Smyth,  Mr.  Dawes,  iix.  The 
great  work  of  Struve,  Menav/ra  Miorometricte,  ho. 
contains  3134  such  objects,  including  most  of  Sir  W. 
Herachel's  Double  Stars.  Sir  J.  Herschel  in  rSafi,  7 
and  8  presented  to  the  Astronomical  Society  about 
looo  measures  of  Double  Stars;  and  in  1830,  good 
measures  of  1236,  made  with  his  zo-feet  reflector. 
His  paper  in  Vol.  v.  of  the  Ast.  Soe.  Mem.  besides 
measures  of  364  such  stars,  exhibits  all  the  moat 
striking  results,  as  to  the  motion  of  Double  Stai%.  _ 
which  have  yet  been  obtained.  In  1835  h 
liis  2o-fect  reflector  to  the  Cape  of  Good  Hope  for  tj 
purpose  of  completing  the  survey  of  Double  Stars  & 
Nebulse  in  the  southern  hemisphere  with  the  s 
instruments  which  UnA  ex^Voted  t\\fc  ■aoTtt.ftTn.  «ki 
(  returned  from  tke  Cai^e  to   ^.^'i^,  »■■« 
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(1846)  about  to  give  the  world  the  results  of  hia 
labours.  Besides  the  stars  just  meutioutid,  liis  work 
will  coatain  from  1500  to  sooq  additional  double 
etars;  making  a.  gross  number  of  above  8000;  in 
which  of  course  are  included  a  nnmher  of  objects  of 
no  great  scientific  interest,  hut  in  which  also  are  con- 
taiued  the  materials  of  the  most  important  discoveries 
■which  remain  to  he  made  by  aatronomere.  The  pub- 
lication, of  Sir  John  Herschel's  great  work  upon 
Double  Stare  and  Nebulie  is  looked  for  with  eager 
interest  by  astronomers. 

Of  the  observations  of  Nebiilra  we  may  say  what  has 
just  been  said  of  the  observations  of  Double  Stars; — 
that  they  probably  contuin  the  materials  of  important 
future  discoveries.  It  is  impossible  not  to  regard  these 
phenomena  with  reference  to  the  Nehidar  Hypoiliem«, 
which  has  been  propounded  by  Laplace,  and  much 
more  strongly  insisted  upon  by  other  personsj — 
namely,  the  hypothesis  that  systems  of  revolving  pla- 
nets, of  which  the  Solar  Syatem  is  an  example,  arise 
from  the  gradual  contraction  and  separation  of  vast 
mosses  of  nebulous  matter.  Yet  it  does  not  appear 
that  any  changes  have  been  observed  in  nebulffi  which 
tend  to  confirm  this  hypothesis ;  and  the  most  power- 
ful telescope  iu  the  world,  recently  erected  by  the  Earl 
of  Bosse,  has  given  results  which  militate  against  the 
hypothesis;  inasmuch  as  it  has  shown  that  what  ap- 
peared a  diffused  nebulous  mass  is,  by  a  greater  power 
of  vision,  resolved,  in  all  cases  yet  examined,  into 
separate  stars. 

When  astronomical  phenomena  are  viewed  with 
reference  to  the  Nebular  Hypothesis,  they  do  not 
belong  so  properly  to  Astronomy,  in  the  view  here 
taken  of  it,  as  to  Cosmogony.  If  such  speoulatiooa 
should  acquire  any  scientific  value,  we  shall  have  to 
arrange  them  among  those  which  I  have  called  Pfdce- 
tiologicai  Sciences ;  namely,  tliose  Sciences  which  con- 
template the  universe,  the  earth,  and  its  inhabitants, 
with  reference  to  their  historical  changes  and  the 
causes  (^  tbone  changes.] 
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Ei'c  cofiov  'APMONIHS  wafifitirSpoc,  ottttoOi  vufi^ii 

IxeXov  oIkov  ivau  Tvvip  rcrpa^t/yt  Kocfiov 

AifToirayij. 

NoKKUS.  Dionynac.  xli.  375. 

Along  the  skiey  arch  the  goddess  trode. 
And  sought  Harmonia's  angnst  abode; 
The  universal  plan,  the  mystic  Four, 
Defines  the  figure  of  the  palace-floor. 
Solid  and  square  the  ancient  fabric  stands, 
Raised  by  the  labours  of  unnumbered  hands. 


INTEODTICTION. 


The  Secondaey  Mechajjical  Scieuces. 

IN  the  aciences  of  Mechanios  and  Physical  Astro- 
nomy,  Motion  and  Force  are  the  direct  and 
primary  ohjects  of  our  attention.  But  there  is 
another  ciasa  of  aciences  in  which  we  endeavour  to 
reduce  phenomena,  not  evidently  mechanical,  to  a 
known  dependence  upon  mectanical  properties  and 
laws.  In  the  cases  to  which  I  refer,  the  tacts  do  not 
present  themselves  to  the  senses  B3  modifications  of 
position  and  motion,  but  as  secondary  qualities,  which 
are  found  to  be  in  some  way  derived  from  those 
primary  attributes.  Also,  in  these  cases,  the  pheno- 
mena are  reduced  to  their  mechanical  laws  and  causes 
in  a  secondary  manner;  namely,  by  treating  them  as 
the  operation  of  a  inedium  interposed  between  the 
object  and  the  organ  of  sense.  These,  then,  we  may 
call  Secondary  Meelianical  Sdsncea.  The  sciences  of 
this  kind  which  require  our  notice  are  those  which 
treat  of  the  sensible  qualities,  Sound,  Light,  and  Heat; 
that  is.  Acoustics,  Optics,  and  Thermotica. 

It  will  be  recollected  that  our  object  is  not  by  any 
means  to  ^ve  a  full  statement  of  all  the  additions 
which  have  been  sncceasively  made  to  our  knowledge 
on  the  subjects  under  review,  or  a  complete  list  of 
the  persons  by  whom  such  additions  have  been  made; 
but  to  present  a  view  of  the  progress  of  each  of  those 
branches  of  knowledge  aa  a  tJt&n-etical  science ;- — to 
point  out  the  Epochs  of  the  discovery  of  those  general 
principles  which  reduce  many  ikcts  to  one  theory;  and 
to  note  all  that  is  most  characteristic  and  instructive  in 
the  circumstances  and  persons  which  bear  upon  such 
Epochs.  A  history  of  any  science,  written  Viftv  saiiV 
objeeta,  will  not  nmd  to  belong;  but  it  vriWiaWmVla 
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purpose  altogether,  if  it  do  not  distinctly  exhibit  some 
well-marked  and  prominent  features. 

We  begin  our  account  of  the  Secondary  Mechanical 
Sciences  with  Acoustics,  because  the  progress  towards 
right  theoretical  views,  was,  in  fact,  made  much  eai-lier 
in  the  science  of  Sound,  than  in  those  of  Light  and  of 
Heat ;  and  also,  because  a  clear  comprehension  of  the 
theory  to  which  we  are  led  in  this  case,  is  the  best 
preparation  for  the  difficulties  (by  no  means  incon- 
siderable) of  the  reasonings  of  theorists  on  the  other 
subjects. 


CHAPTER  I. 

TEE  SOLUTIOH   OF  FbOBLEMB  Dt 


IK  some  measure  tlie  true  theory  of  soimd  wob 
guea^ed  by  Tery  early  speculators  on  the  subject; 
though  nndoubtedly  conceived  in  a  very  vague  and 
wavering  maimer.  That  sound  is  caused  by  some 
motion  of  the  sounding  body,  And  conveyed  by  some 
motion  of  the  air  to  the  ear,  is  an  opinion  which  we 
ttace  to  the  earliest  times  of  physical  philosophy.  We 
may  take  Aristotle  as  the  best  expounder  of  this  st^e 
of  opinion.  In  his  Treatise  On  Sound  and  Searing, 
he  says,  '  Sound  takes  place  when  bodies  strike  the 
air,  not  by  the  air  having  a  /arm  impresised  upon  it, 
(T)(i]liaTii6fityov),  as  some  think,  but  by  its  being 
moved  in  a  corresponding  manner;  (probably  he 
means  in  a  manner  con'esponding  to  the  impulse ;}  the 
air  being  contracted,  and  expanded,  and  overtaken, 
and  again  struck  by  the  impulses  of  the  breath  and  of 
the  strings.  For  when  the  breath  ialls  upon  and 
strikes  the  air  which  is  next  it,  the  air  is  carried  for- 
wards  with  an  impctna,  and  that  which  is  contiguous 
to  the  first  is  canied  onwards ;  ao  that  the  same  voice 
spreads  every  way  as  fur  as  the  motion  of  the  air  takes 

As  is  the  case  with  all  such  specimens  of  ancient 
physics,  different  persons  would  find  in  such  a  state- 
ment very  different  measures  of  truth  and  distinct- 
ness. The  admirers  of  antiquity  miglit  easily,  by 
pressing  the  language  closely,  and  using  the  light  of 
modem  diseoTery,  detect  in  this  passage  an  exact 
acconntofthe  production  and  propagation  of  sound; 
while  others  might  maintain  that  in  Aristotle's  own 
mind,  there  were  only  vagae  notions  and  ■vetV^ui  gene- 
mlizationa.      This  latter  opiaion  is  very  e 
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expressed  by  Bacon.^  '  The  collision  or  thrusting  of 
air,  which  they  will  have  to  be  the  cause  of  sound, 
neither  denotes  the  form  nor  the  latent  process  of 
' ;  but  ia  a  teiiu  of  ignorance  and  of  Bujwrfidal 
contemplation.'  Nor  can  it  be  justly  denied,  that  a 
exact  and  distinct  appreheimiou  of  the  kind  of  motioa 
of  the  air  by  which  sound  is  diffused,  was  beyond  the 
reach  of  the  ancient  philosophers,  and  made  its  way 
into  the  world  long  afterwards.  It  was  by  no 
means  easy  to  reconcile  the  nature  of  such  motion 
■with  obvious  phenomena.  For  the  process  is  not 
evident  as  motion;  since,  aa  Bacon  also  obserrea,* it 
does  not  visibly  agitate  the  flame  of  a  candle,  or  a 
feather,  or  any  light  floating  substance,  by  which  the 
slightest  motions  of  tlie  air  are  betrayed.  Still,  the 
perauaaion  that  sound  is  some  motion  of  the  air,  ooii- 
tinued  to  keep  hold  of  men's  minds,  and  acquired  addi- 
tional distinctness.  The  illusti'atton  em]>loyed  by 
Vitruvius,  in  the  following  passage,  is  even  now  one  of 
the  beat  we  can  offer. '  '  Voice  is  breath,  flowing,  and 
made  sensible  to  the  hearing  by  striking  the  air.  It 
moves  in  infinite  circumferences  of  circles,  as  when,  by 
throwing  a  stone  into  still  water,  you  produce  innu- 
merable circles  of  wa-ves,  increasing  from  the  center 
and  spreading  outwai'ds,  till  the  boundary  of  the  space, 
or  some  obstacle,  prevents  their  outlines  from  going 
further.  In  the  sara«  manner  the  voice  makes  its 
motion  in  circles.  But  in  water  the  circle  moves 
breadthways  upon  a  level  plain;  the  voice  proeeedB  in 
breadth,  and  also  succe^ively  ascends  in  height.' 

Both  the  comparison,  and  the  notice  of  the  dif- 
ference of  the  two  cases,  prove  the  arohiteot  to  have 
had  very  clear  notions  on  the  subject ;  which  he  further 
shows  by  comparing  the  reaonance  of  the  walls  of  a 
building  to  the  disturbance  of  the  outline  of  the  waves 
of  water  when  they  meet  with  a  boundary,  and  are 
thrown  back.  '  Therefore,  an  in  the  outlines  of  waves 
in  water,  ao  in  the  voice,  if  no  obstacle  interrupt  the 
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foremoBt,  it  does  not  distarb  the  second  asd  the  fol- 
lowing  ones,  so  that  all  come  t»  the  ears  of  persona, 
■whether  high  np  or  low  down,  without  resonance. 
But  when  they  strike  against  obstacles,  the  foremost, 
being  thrown  bacfe,  disturb  the  lines  of  those  which 
follow.'  Similar  analogies  were  employed  by  the 
ancients  in  order  to  explain  the  occurrence  of  Echoes. 
Aristotle  says,*  '  An  Echo  takes  place,  when  the  air, 
being  as  one  body  in  consequence  of  the  vessel  which 
bounds  it,  and  being  prevented  from  being  thrust 
forwards,  is  reflected  back  like  a.  ball'  Nothing  mate- 
rial was  added  to  such  views  till  modem  times. 

Thus  the  first  conjectures  of  those  who  philosophized 
concerning  soiind,  led  them  to  au  opiuiou  concerning 
its  causes  and  laws,  which  only  required  to  be  distinctly 
understood,  and  traced  to  mechanical  principles,  in 
order  to  form  a  genuine  science  of  Acoustics.  It  was, 
no  doubt,  a  work  which  required  a  long  time  and 
sagacious  reasoners,  to  supply  what  was  thus  wanting; 
but  still,  in  consequence  of  this  peculiar  circumstance 
in  the  early  condition  of  the  prevalent  doctrine  con- 
cerning sound,  the  history  of  Acoustics  assumes  a 
peculiar  form.  Instead  of  containing,  like  the  history 
of  Astronomy  or  of  Optics,  a  series  of  generalizations, 
each  including  and  rising  above  preceding  generaliza- 
tions; iu  this  case,  the  highest  generalization  is  in 
view  from  the  first;  and  the  object  of  the  philosopher 
is  to  determine  its  precise  meaning  and  circumatances 
in  each  example.  Instead  of  having  a  series  of  inductive 
Truths,  successively  dawning  on  men's  miuds,  we  have 
a  series  of  Explanations,  in  which  certain  experifflcntal 
fitcts  and  laws  are  reconciled,  as  to  their  mechanical 
principles  and  their  measui'es,  with  the  general  doctrine 
already  in  our  possession.  Instead  of  having  to  travel 
gradually  towards  a  great  discovery,  like  Universal 
Gravitation,  or  Luniiuiferous  Undulations,  we  take  our 
stand  upon  acknowledged  truths,  the  production  and 
propagation  of  sound  by  the  motion  of  bodies  and  of 
air;  and  we  connect  these  with  other  truths,  the  laws 
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of  motion  and  the  known  properties  of  bodies,  aa,  fori 
instance,  their  elasticity.     Instead  of  Epochs  of  Di»- 
coveri/,  we  have  Solittiryita  of  I'roblema;  and  to  these 
we  must  now  proceed. 

We  ninst,  however,  in  tie  first  place,  notice  tbftt 
these  Problems  include  other  subjects  than  the  mere 
production  and  propagation  of  Bouud  generally.  For 
auoh  questions  as  these  obviously  occur; — -what  are 
the  lawB  and  cause  of  the  differences  of  soundsj — of 
acute  and  grave,  loud  and  low,  continued  and  inataa- 
taneoua ;— and,  again,  of  the  differences  of  articulate 
sounds,  and  of  the  quality  of  different  -voices  aud 
diiferent  insti-umcnts'i  The  first  of  these  questions, 
in  particular,  the  real  natui'e  of  the  difference  of  acute 
and  grave  sounds,  could  not  help  attracting  attention; 
since  the  difference  of  notes  in  this  respect  was  the 
foundation  of  one  of  the  most  remarkable  mathe- 
matical sciences  of  antiquity.  Accordingly,  we  find 
attempts  to  explain  this  difference  in  the  aucient  writers 
on  muHic.  In  Ptolemy's  Hmwonics,  the  third  Chapter 
of  the  first  Book  is  entitled, '  How  the  acuteness  ani! 
graveneaa  of  notes  is  produced;'  and  in  this,  after 
noting  generally  the  difference  of  sounds,  and  the 
causes  of  difference  (which  he  states  to  be  the  force  of 
the  striking  body,  the  physical  constitution  of  the 
body  struck,  and  other  causes),  he  comes  to  the  coii- 
oluaion,  that  '  the  things  which  produce  acuteness  in 
Bounds,  are  a  greater  density  and  a  smaller  size;  the 
things  which  produce  graveness,  are  a  greater  rarity 
and  a  bulkier  form.'  He  afterwards  explains  this  bo 
as  to  include  a  considerable  portion  of  truth.  Thus 
he  says,  '  That  in  strings,  and  in  pipes,  other  things 
remaining  the  same,  those  which  are  stopped  at  the 
smaller  distance  from  the  bridge  give  the  most  acute 
note;  and  in  pipes,  those  notes  which  come  through 
holee  nearest  to  the  mouth-hole  are  most  acute.'  Ha 
even  attempts  a  further  generalization,  and  says  that 
the  greater  acuteness  arises,  in  fact,  from  the  body 
being  more  tense;  and  that  thus  'hardness  may 
counteract  the  effect  of  greater  denaitY,  aa  we  see  that 
brass  produces  a  more  acute  aQ\«ii\V»a  VsA^    "feali. 
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tliis  author's  notiona  of  tension,  sinoe  tliey  were  applied 
ao  generally  as  to  include  both  the  tension  of  a  string, 
and  the  tension  of  a  piece  of  solid  brass,  must  neces- 
sarily have  been  very  vague.  And  he  Beems  to  have 
been  destitute  of  any  knowledge  of  the  preciae  nature 
of  the  motion  or  impulse  by  which  sonad  is  produced ; 
and,  of  course,  still  more  ignorant  of  the  mechanical 
principles  by  which  these  motions  are  explained.  The 
notion  of  vifn-alions  of  the  parts  of  sounding  bodies, 
doea  not  appear  to  have  been  dwelt  upon  as  an 
essential  circumstance ;  though  in  some  cases,  as  in 
sounding  strings,  the  iact  ia  very  obvious.  And  the 
notion  of  vibi-ations  of  the  air  does  not  at  all  appear 
in  ancient  writers,  except  no  far  as  it  may  he  conceived 
to  be  implied  in  the  comparison  of  aerial  and  watery 
waves,  ■which  we  have  quoted  from  Vitmvius.  It  is, 
however,  very  unlikely  that,  even  in  the  case  of  water, 
the  motions  of  the  partidea  were  distinctly  conceived, 
for  such  conception  is  far  from  obvious. 

The  attempts  to  apprehend  distinctly,  and  to  explain 
mechanically,  the  phenomena  of  sound,  gave  rise  to  a 
series  of  Problems,  of  which  we  must  now  give  a  brief 
hiatoiy.  The  questions  which  more  peculiarly  consti- 
tute the  Science  of  Acoustics,  are  the  questions  con- 
cerning those  motions  or  aSections  of  the  air  by 
which  it  is  the  medium  of  hearing.  But  the  motions 
of  Bounding  bodies  have  both  so  much  connexion  with 
those  of  the  medium,  and  ao  much  resemblance  to 
them,  that  we  shall  include  in  our  survey  researches 
on  that  subject  also.  , 


J 
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CHAPTER  II. 
Phoblem  of  the  Vibbatioss  OF  Stbings, 

THAT  the  coiitiiiua.tion  of  sound  depends  on  a 
continued  minute  and  rapid  motion,  a  shaking  or 
trembling,  of  the  part»  of  the  sounding  body,  was  soon 
Been.  Thus  Bacon  sa^a,'  '  The  duration  of  the  sound 
of  a  bell  or  a  string  when  struck,  which  appears  to  be 
prolonged  and  gradually  estinguiahedj  does  not  proceed 
from  the  first  percussion ;  but  the  trepidation  of  the 
body  struck  perpetuallj  generates  a  new  sound.  For 
if  that  trepidation  be  prevented,  and  the  beli  or  string 
be  stopped,  the  sound  eoon  dies :  as  in  epinets,  as  soon 
as  the  epi-M  is  let  fall  so  as  to  touch  the  string,  tlie 
sound  ceases,'  In  the  caMe  of  a,  stretched  string,  it  ii 
not  difficult  to  perceive  that  the  motion  is  a  motion 
back  and  forwards  across  the  straight  line  which  the 
string  occupies  when  at  rest.  The  further  examination 
of  the  quantitative  circumstances  of  this  oacillator]r 
motion  was  an  obrioua  problem ;  and  especially  after 
oscUiatioiis,  though  of  another  kind  (those  of  a  pen- 
dulous body),  had  attracted  attention,  as  they  had 
done  in  the  school  of  Galileo.  Mersenne,  one  of  the 
promulgators  of  Galileo's  philosophy  in  Fiunce,  is  the 
first  author  in  whom  I  find  an  examination,  of  the 
details  of  this  case  {Sa.rmonicorum  Liber,  Paris,  1 636), 
He  asserts,'  that  the  diSerences  and  concords  of  acute 
and  grave  sounds  depend  on  the  rapidity  of  vibrations, 
and  their  ratio ;  and  he  proves  this  doctrine  by  a  series 
of  experimental  comparisons.  Thus  he  finds*  that  the 
note  of  a  string  is  as  ita  length,  by  taking  a  string 
firat  twice,  and  then  four  times  as  long  as  the  original 
string,  other  things  remaining  the  same.  This,  indeed, 
was  known  to  the  ancients,  and  was  the  basis  of  that 
numerical  indication  of  the  notes  which  the  proposition'  ■ 
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oxpreaaes.  Mersenne  further  prcweeda  to  show  the 
effect  of  thickness  and  tenaion.  He  finds  (Prop.  7) 
that  a  striag  must  be  four  times  as  tliick  as  aoothcr, 
to  give  the  octave  below;  he  finda,  also  (Prop.  8),  that 
the  tension  must  be  abont  four  times  as  great  in  order 
to  prodnce  the  octave  above.  From  these  |iroporttoiia 
various  others  are  deduced,  and  the  law  of  the  phe- 
nomena of  this  kind  may  be  coa»idered  as  determined- 
Merseune  also  undertook  to  Tneagure  the  phenomena 
ically,    that   i3,   to   determine   the  number   of 


;  which 
i  obviously 


vibrations  of  the  string  in  each  of  such  c 
at  first  might  appear  difitcult,  i 
impossible  to  count  with  the  eye  the  passages  of  a 
sounding  string  backwards  and  forwards.  But  Mer- 
senne rightly  assumed,  that  the  number  of  vibrations 
is  the  same  so  long  aa  the  tone  is  the  same,  and  that 
the  ratios  of  the  numbers  of  vibriitions  of  different 
strings  may  be  determined  from  the  numerical  rela- 
tions of  their  notes.  He  had,  therefore,  only  to  deter- 
mine the  number  of  vibrations  of  one  certain  string, 
or  one  known  note,  to  know  those  of  all  others.  He 
took  a  musical  string  of  three-quarters  of  a  foot  long, 
stretched  with  a  weight  of  six  pounds  and  five-eighths, 
which  he  found  gave  him  by  its  vibrations  a  certain 
standard  note  in  his  organ :  he  found  that  a  string  of 
the  same  material  and  tension,  fifteen  feet,  that  is, 
twenty  times  as  long,  made  ten  recurrences  in  a 
second;  and  he  inferred  that  tlie  number  of  vibrations 
of  the  shorter  string  must  also  be  twenty  times  as 
great;  and  thus  such  a  string  must  make  in  one  second 
of  time  two  hundred  vibrations. 

This  determination  of  Mersenne  does  not  appear  to 
Irave  attracted  due  notice;  but  some  time  afterwards 
attempts  were  made  to  ascertain,  the  oonnexion  between 
the  B^mnd  and  its  elementary  pulsations  in  a  more 
direct  manner.  Hooke,  in  1681,  produced  sounds  by 
the  striking  of  the  teeth  of  brass  wheels,*  and  Stancari, 
in  1706,  by  wLii'liug  round  a  large  wheel  in  air, 
showed,    before  the   academy    of   Bologna,   how   the 
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number  of  Tibratioua  in  a  given  note  might  be  known. 
Sauvear,  who,  though  deaf  for  the  fii'st  seven  years  of 
his  life,  was  one  of  the  greatest  promoters  of  the 
Bcieoce  of  sound,  and  gave  it  ita  name  of  Acoutlia, 
endeavoured  also,  uhout  the  same  time,  to  determine 
the  namber  of  vibratione  of  a  stundEird  note,  or,  as  he 
called  it,  Fixed  Sound.  He  employed  two  methods,  botl 
ingenious  and  both  indirect.  The  first  was  the  method 
of  beats.  Two  organ-pipes,  which  form  a  discord,  are 
often  heard  to  produce  a  kind  of  Jiowl,  or  wavy  noise, 
the  sound  swel^g  and  decliinng  at  small  intervals  of 
tima  This  was  readily  and  rightly  awjribed  to  the  coin- 
cidenceaof  thepulsatioDHof  souadof  the  two  notes  after 
certain  cycles.  Thus,  if  the  number  of  vibrations  of 
the  notes  were  as  fifteen  to  sixteen  in  the  same  time, 
every  fifteenth  vibration  of  the  one  would  coincide  with 
every  sixteenth  vibration  of  the  other,  while  all  the 
intermediate  vibrations  of  the  two  tones  would,  in 
various  degrees,  disagree  with  each  other ;  and  thus 
every  such  cycle,  of  fifteen  and  sixteen  vibrations, 
might  be  heard  as  a  separate  heat  of  sound.  Now, 
Sauveur  wished  to  take  a  case  in  which  these  beata 
were  so  slow  as  to  be  wninted,^  and  in  which  the  ratio 
of  the  vibrations  of  the  notes  was  known  from  a  know- 
ledge of  their  musical  relations.  Thus  if  the  two  notes 
tbmi  an  interval  of  a  semitone,  their  ratio  will  be  that 
above  supposed,  fifteen  to  sixteen  j  and  if  the  beats  he 
found  to  be  six  in  a  second,  we  know  that,  in  that 
time,  the  graver  note  niakes  ninety  and  the  acuter 
ninety-six  vibrations.  In  this  manner  Sauveur  found 
that  an  open  organ  pipe,  five  feet  long,  gave  one 
hundred  vibrations  in  a  second. 

Sauveur's  other  method  ts  more  recondite,  and  ap- 
proaches to  a  mechanical  view  of  the  question. ^  Ho 
proceeded  on  this  basis ;  a  string,  liorizontally  stretched, 
cannot  be  drawn  into  a  mathematical  straight  line,  but 
always  hangs  in  a  very  flat  curve,  or  /esloon.  Hence 
Sauveur  assumed,  that  its  transverse  vibrations  may 
be  conceived  to  be  identical  with  the  lateral  swinging 
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of  Bucli  a  festoon.  Observing  that  the  string  C,  in  the 
taiddlt)  of  a  h&rpHiohord.  hanga  Ln  such  &  festoon  to  the 
amoimt  of  i-333nl  of  an  inch,  he  calculates,  by  the  laws 
of  pendulums,  the  time  of  osciUation,  and  Jiuds  it 
i-i22nd  of  a  second.  Thus  this  C,  his  Jueed  nole, 
makes  one  hundred  and  twenty-two  vibrations  in  a 
second.  It  ia  curious  that  this  process,  seemingly  so 
arbitrary,  ia  capahle  of  being  justified  on  mechanical 
principles ;  though  we  can  hardly  give  the  author 
credit  for  the  views  which  this  j"ustification  impliea.  It 
13,  therefore,  easy  to  understand  that  it  agreed  with 
other  experiments,  in  the  laws  which  it  gave  for  the 
dependence  of  the  tone  on  the  length  and  teaaion. 

The  problem  of  satiafectorily  explaining  tliia  de- 
pendence, on  mechanical  principles,  naturally  pressed 
>a  the  atteution  of  mathematicians  when  the  law  of 
phenomena  was  thus  completely  determined  by 
nnae  and  Sauveur.  It  was  desirable  to  show  that 
the  circumstances  and  the  meaaui'e  of  the  pheuo- 
Buch  as  known  mechanical  cauaea  and  laws 
would  explain.  But  this  prohlem,  as  might  be  ex- 
pected, was  not  attacked  till  mechanical  principles,  and 
the  modes  of  applying  them,  had  become  tolerably 
bmiliar. 

A"  the  vibrations  of  a  atriiig  are  produced  by  its 
tension,  it  appeared  to  be  necessary,  in  the  first  place, 
to  determine  the  law  of  the  tension  which  ia  called  into 
action  by  the  motion  of  the  string;  for  it  is  manifeat 
that,  when  the  string  is  drawn  aside  from  the  sti-aight 
line  into  which  it  is  stretched,  there  ariaea  an  iiddi- 
tiooal  tension,  which  aids  in  drawing  it  back  to  the 
Btrsught  line  as  soon  as  it  ia  let  go.  Hooke  {On 
Sprinc/,  16"]  3)  determined  the  law  of  this  additional 
teniuon,  which  he  expressed  in  his  noted  formula,  '  Ut 
tensio  sic  vis,'  the  Force  is  as  the  Tension;  or  rather,  to 
express  his  meaning  more  clearly,  the  Force  of  tension 
is  as  the  !FiEtenaion,  or,  in  a  string,  as  the  increase  of 
length.  But,  in  reality,  this  principle,  which  ia  im- 
portatit  in  many  acoustical  pi'ohlems,  ia,  in  the  one 
now  before  as,  iiiiimportant ;  the  force  w\i\c\v  wvg,^ 
the  string  towards  the  Btraight  line,   depenAa,  ■wV'ii. 
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Buch  small  extenaiona  as  we  Lace  now  to  consider,  not 
on  the  extension,  but  on  the  curvature;  and  the  power 
of  trealing  the  mathematical  difficulty  of  cuiTature, 
and  ita  mechanical  consequences,  was  what  was  re- 
quisite for  the  aointion  of  this  problem. 

The  problem,  in  ita  proper  aspect,  was  first  attacked 
and  mastered  by  Brook  Taylor,  an  English  mathema- 
tician of  the  school  of  Uewton,  by  whom  the  solution 
was  published  in  1 7 1 5,  in  his  Melhoilus  Inorementorum. 
Taylor's  solution  was  indeed  imperfect,  for  it  only 
pointed  out  a  form  and  a  mode  of  vibration,  with  whici 
the  string  might  move  consistently  with  the  laws  of 
mechauicR;  not  the  mode  in  which  it  m,iisl  move,  sup- 
posing its  form  to  be  any  whatever.  It  showed  that  the 
curve  might  be  of  the  nature  of  that  which  is  called 
the  companion  to  the  cycloid;  and,  on  the  supposition  of 
the  curve  of  the  string  being  of  this  form,  the  calcu- 
lation confirmed  the  previously  eatablished  laws  hy 
which  the  tone,  or  the  time  of  vibration,  had  been  dis- 
covered to  depend  on  the  length,  tension,  and  bTdk 
of  the  string.  The  mathematical  incompleteness  of 
Taylor's  reasoning  must  not  prevent  us  irom  looking 
upon  his  solution  of  the  problem  as  the  most  important 
step  in  the  progress  of  this  part  of  the  subject :  for  the 
difficulty  of  applying  mechanical  principles  to  the 
question  being  once  overcome,  the  extension  and  cor- 
rection of  the  application  was  sure  to  be  undertaken 
by  succeeding  mathematicians;  and,  accordingly,  tfaiv^ 
soon  happened.  We  may  add,  moreover,  that  the  sntj^ 
sequent  and  more  general  solutions  require  to  1 
considered  with  reference  to  Taylor's,  in  order  to  ap| 
prehend  distinctly  their  import;  and  further,  that  i 
was  almost  evident  to  a  mathematician,  evei 
the  general  solution  had  appeared,  that  the  dependen 
of  the  time  of  vibration  on  the  length  and  tension 
would  be  the  same  in  the  general  case  aa 
Taylorian  cui"ve;  so  that,  tor  the  ends  of  physical  p 
losophy,  the  solution  was  not  very  incomplete. 

John  Eemoulli,  a  few  years  afterwards,^  solved  t 
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problem  of  vibrating  chords  on  nearly  the  same  prin- 
ciples and  suppositions  as  Taylor;  but  a  little  later  (in 
1747)9  ^^^  Jiext  genei'ation  of  great  matliematicians, 
D'Alembert^  Euler,  and  Daniel  Bernoulli,  applied  the 
increased  powers  of  analysis  to  give  generality  to  the 
mode  of  treating  this  question;  and  especially  the 
calculus  of  partial  differentials,  invented  for  this 
purposa  But  at  this  epoch,  the  discussion,  so  far  as  it 
bore  on  physics,  belonged  rather  to  the  history  of 
another  problem,  which  comes  under  our  notice  here- 
after, that  of  the  composition  of  vibrations ;  we  shall, 
therefore,  defer  the  further  history  of  the  problem  of 
vibrating  strings,  till  we  have  to  consider  it  in  con- 
nexion with  new  experimental  facts. 


CHAPTER  III 
Pbobleu  of  the  Propagation  of  Sodnd, 

WE  have  seen  that  the  unctent  philosophers,  for  tbi 
most  part,  held  that  sound  was  tranamitted,  u 
well  as  produced,  by  aome  motion  of  the  air,  withont 
defining  what  kind  of  motion  thif  was;  that  some 
writers,  however,  applied  to  it  a  very  happy  similitude 
the  expansive  motion  of  the  circular  waves  prodiu^ 
hy  throwing  a  stone  into  still  watei- ;  but  that  notwitib 
staudiiig,  some  rejected  this  mode  of  conception,  as,  for 
instance,  Bacon,  who  ascribed  the  tranamisaion  of  aound  I 
to  certain  '  spiritual  species.'  I 

Though  it  was  an  obvious  thought  to  ascribe  tie  I 
motion  of  sound  to  some  motion  of  air;  to  conceive 
what  kind  of  motion  could  and  did  [»\)duce  this  eflect, 
must  have  been  a  ma.tter  of  grave  perplexity  at  tbe 
time  of  which  we  are  speaking;  and  is  Ikr  from  etaj 
to  moat  persona  even  now.  We  may  judge  of  the 
difficulty  of  forming  this  conception,  when  we  recollect 
that  John  Beruoulli  the  younger'-  declared,  that  h 
could  not  understand  Newton's  proposition  on  thi 
subject.  The  difficulty  consists  in  this ;  that  the  move- 
ment of  the  parts  of  ah",  in  which  sound  consists, 
travelH  along,  but  that  the  parts  of  air  themselves  do 
not  so  travel.  Accordingly  Otto  Guericke,^  the  in- 
ventor of  the  aii--p«mp,  asks,  '  How  can  sonnd  be 
conveyed  by  the  motion  of  the  air  )  when  we  find  that 
it  is  better  conveyed  through  air  that  ia  still,  then 
when  there  ia  a  wind.'  Wo  may  observe,  however, 
that  he  was  partly  laiaJed  by  finding,  as  he  thought, 
that  a  bell  could  bo  heard  in  the  vacuum  of  hia  air- 
pump;  A  result  which  arose,  probably,  &om  some 
imperfection  in  his  apparatus. 

Attempts  were  made  to  determine,  by  experiment, 
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tlie  circumstanees  of  the  motion  of  sound;  and  e«p&- 
oially  its  velocity.  Gassendi'  was  one  of  the  firat  who 
did  this.  He  employed  fire-arms  for  the  purpose, 
and  thus  found  the  velocity  to  be  I473  Paris  feet 
in  a  aecond.  Roberval  found  a,  velocity  ao  smttU 
(560  feet)  that  it  threw  uncertainty  upon  the  rest,  and 
affected  Newton's  reasoning  subsequently.*  Cassini, 
Huyghens,  Picard,  Eiimer,  found  a  velocity  of  117a 
Paris  feet,  which  is  more  accurate  than  tlie  former. 
Gassendi  had  been  Eurprized  to  find  that  the  velocity 
with  which  Bounds  travel,  is  the  same  whether  they 
are  lond  or  gentie. 

The  explanation  of  this  constant  velocity  of  sound, 
and  of  its  amount,  was  one  of  the  problems  of  which  a, 
solution  was  given  in  the  Great  Charter  of  modem 
science,  Newton's  Priwci^'o  (1687).  There,  for  the  first 
time,  were  explained  the  real  nature  of  the  motions 
and  mutual  action  of  the  parts  of  the  air  through  which 
Bound  is  transmitted.  It  waa  ehown^  that  a  body 
vibrating  in  an  elastic  medium,  will  propagate  pvlges 
through  the  medium :  that  is,  the  parts  of  the  medium 
will  move  forwards  and  backwai-ds,  and  this  motion  will 
afiect  successively  those  jiarts  wh  ich  are  at  a  greater  and 
greater  distance  from  the  oiigin  of  motion.  The  paita, 
in  going  forwards,  produce  eoudensation ;  in  returning 
to  their  first  places,  they  allow  oxtensicfn;  and  the  play 
of  the  elasticities  developed  by  these  expansions  and 
contractions,  supplies  the  forc«s  which  coutiuue  to 
propagate  the  motion. 

The  idea  of  such  a  motion  aa  this,  is,  as  we  have 
said,  far  from  easy  to  apprehend  distinctly ;  hut  a 
distinct  apprehension  of  it  is  a  step  essential  to  the 
physical  part  of  the  sciences  now  under  notice;  for  it 
is  by  means  of  such  puUes,  or  undidations,  that  not 
only  sound,  but  light,  and  protably  heat,  are  propa- 
gated. We  constantly  meet  with  evidence  of  the 
difficulty  which  men  have  in  conceiving  this  undu- 
latory  motion,  and  in  separating  it  from  a.  local  motion 

'  Fhcher.  GesrJi.  ilPhyiik.  vol.  i.  \-]i. 
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of  the  medium  as  a  mass.  For  instanoe,  it  ii 
at  first  to  conceive  tlie  -waters  of  a  great  river  flowin 
constaatlj  dovm  towards  the  sea,  while  waves  u 
rolling  up  the  very  same  part  of  the  stream ;  and  whil 
the  giTat  elevation,  vhicli  makes  the  tide,  is  travellii 
from  the  sea  perhaps  -with  a  velocity  of  fifty  mileE  a 
hour.  The  motion  of  such  a  wave,  or  elevation,  i 
diatinet  from  any  stream,  and  ia  of  the  nature  of  undo 
latioDB  in  g(ineiul.  The  parts  of  the  finid  stir  forii 
short  time  and  for  a  small  distance,  so  as  t( 
late  themselves  on  a  neighhonring  part,  and  thea 
retire  to  their  former  place ;  and  this  movement  affect 
the  parts  in  the  order  of  tlieir  places.  Perhaps  if  thii 
reader  looks  at  a  field  of  stauduig  com  when  giists  of 
wind  are  sweeping  over  it  in  visible  waves,  he  will  h»w 
his  conccptioii  of  thisosatter  aided;  forhewi" 
here,  where  each  ear  of  grain  ia  anchoi'ed  hy  its  stal^ 
there  can  be  no  permanent  local  motion  of  the  sut 
stance,  but  only  a  successive  stooping  and  rising  of  th 
st>parate  sti-aws,  producing  hollows  and  waves,  c 
and  laxer  strips  of  the  crowded  earn. 

Kewton  had,  moreover,  to  consider  the  mechanic* 
oonseijuences  which  such  condensations  and  i 
tiona  of  the  elastic  mediom,  air.  would  produce 
parts  of  the  fluid  itself.  Employing  known  laws  a 
the  elasticity  of 'air,  he  showed,  in  a  very  remarkablt 
proposition,'  the  law  according  to  which  the  particl 
of  air  might  Wbrate.  We  may  observe,  that  in  tl 
solution,  as  in  that  of  the  vibrating  ^ring  alread 
mentioned,  a  rule  was  tsliibiLed  according  to  n" 
tjip  ]iarticlea  imght  oscillate,  but  not  tlie  law  to  whic 
tJ)i>y  MtM(  conform.  It  was  proved  that,  by  takii; 
Um  luotiun  of  each  particle  to  be  perfectly  similar  ( 
that  of  a  jiendutum,  the  forces,  developed  by  c 
UwAiou  Mid  eipHDsioLi,  were  precisely  such  as 
■lliiiii  required ;  hut  it  was  not  ahowu  that  no  otlu 
^jyi  of  ostf iliatioM  would  give  rise  to  the  same  accord 
•■M  of  for«  and  motion.  Newton's  reasoning 
giiW  «  tMwnunation  of  the  speed  of  propagatioi 
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the  pulses :  it  appeared  that  sound  ought  to  travel 
■with  the  velocity  wliich  a  boiiy  would  acquire  by 
falling  freely  through  half  the  height  of  a,  hontogeneovM 
lUtnoaphere;  '  tlie  height  of  a  liomogeueous  atmo- 
Bphere'  being  the  height  vhich  tlie  air  must  have,  iu 
order  to  produce,  at  the  earth's  surface,  the  actual 
atmospheric  pressure,  supposiag  uo  dimiiiution  of 
denaity  to  talce  place  in  aeceadiug.  This  height  is 
about  29,000  feet;  and  hence  it  followed  that  the 
velocity  was  968  feet.  This  velocity  is  really  con- 
nderably  less  than  that  of  sound;  but  at  the  time  of 
which  we  speak,  no  accurate  measure  had  been  extor- 
blishedj  and  Newton  persuaded  himself,  by  experi- 
ments made  ia  the  cloister  of  Trinity  College,  his 
residence,  that  his  calculation  was  not  far  Irum  the 
fact.  When,  afterwards,  more  exact  e3:pei'imeuts 
showed  the  velocity  to  be  1142  English  feet,  !Newton 
attempted  to  explain  the  difference  by  various  consi- 
derations, none  of  which  were  adequate  to  the  purpose; 
— as,  the  dimensions  of  the  solid  particles  of  which  the 
fliud  air  consists; — or  the  vajio-ura  which  are  mixed 
with  it.  Other  writers  offered  other  suggestions,  hut 
the  true  solution  of  the  difficulty  was  reserved  for  a 
period  considerably  subsequent. 

Newton's  calculation  of  the  motion  of  sound,  though 
logically  incoKipiete,  was  the  great  step  in  the  sulution 
of  the  problem ;  for  mathematicians  could  nut  hut 
presume  that  his  result  was  not  restricted  to  the 
hypothesis  on  which  he  had  obtained  it,  and  the 
extension  of  the  solution  required  only  mere  ordinary 
talents.  The  logical  defect  of  his  solution  was  assailed, 
as  might  have  been  ex|)ected  Cramer  (professor  at 
Geneva),  in  1741,  conceived  that  he  was  destroying 
the  conclusiveness  of  Newton's  reasoning,  by  showing 
that  it  applied  equally  to  other  modes  of  oscillation. 
This,  indeed,  contradicted  the  enunciation  of  the 
48th  Prop,  of  the  Second  Book  of  the  Frincipm,  but 
it  confirmed  and  extended  all  the  general  results  of 
the  demouatratioa ;  for  it  left  even  the  \eloeity  of 
sound  unaltereJ,  and  thus  showed  tliat  t\ie  \e\«cA^ 
did  aot  depend  niechamoolly  on  the  type  ol  tW  oacCi- 
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But  the  satisfactory  establiahnient  of  this 
physical  groemlization  whs  to  be  supplied  from  tlie 
TBst  genemtizations  of  analysis,  which  mathematician! 
■were  now  becoming  able  to  deal  with.  Accordingly 
this  task  vas  performed  by  the  great  master  of  analy- 
tical getteralizatioo,  Lagi'aoge,  in  1759,  when,  at  tha 
age  of  twenty-thr^e,  h«  and  two  friends  pablished  the 
first  Tolume  of  the  Turin  Memoirg.  Euler,  as  bi) 
manner  was,  at  once  perceived  the  merit  of  the  new 
EolutioD.  and  parsned  the  subject  on  the  views  thus 
suggested.  Various  analytical  improvements  and 
extensions  were  introduced  into  the  solution  by  tbfl 
two  great  mathematicians;  bat  none  of  these  at  all 
altered  the  formula  by  which  tbe  velocity  of  Bound 
was  expressed ;  and  the  discrepancy  between  calculi^ 
tion  and  observation,  about  one-sLKth  of  the  wfatdffj 
which  had  peipleied  Hewton,  remained  BtUl 
counted  for. 

The  merit  of  Eattsfactorily  explaining  this 
pancy  belongs  to  I^place.  He  was  the  first  " 
that  the  common  law  of  the  changes  of  e 
tlie  air,  as  dependent  on  its  compression,  cannot  b« 
applied  to  those  rapid  vibrations  in  which  sound 
consists,  since  the  sudden  compression  produces  a 
degree  of  heat  which  additionally  increases  the  elas- 
ticity. The  ratio  of  this  increase  depended  on  tlie 
experiments  by  which  the  relation  of  heat  and  ail  is 
established.  Laplace,  in  1816,  published*  the  theorem 
on  which  the  correction  depends.  On  applying  it,  the 
calculated  Telocity  of  sound  agreed  very  closely  with 
the  best  antecedent  experiments,  and  was  conJGrmed 
by  more  exact  ones  instituted  for  that  purpose. 

This  step  completes  the  solution  of  the  problem  of 
the  propagation  of  sound,  aa  a  mathematical  induction, 
obtained  from,  and  verified  by,  facts.  Most  of  the 
discussions  concerning  points  of  analysis  to  which  the 
investigatious  on  this  subject  gave  rise,  as,  for  instance, 
the  admissibility  of  dls^Mnlinuoue  /unctiona  into  the 
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lutions  of  partial  differential  equations,  belong  to  the 
story  of  pure  mathematics.  Those  which  really 
»ncem  the  physical  theory  of  sound  may  be  referred 
*  the  problem  of  the  motion  of  air  in  tubes,  to  which 
e  shall  soon  have  to  proceed;  but  we  must  first 
>eak  of  another  form  which  the  problem  of  vibrating 
rings  assumed. 

It  deserves  to  be  noticed  that  the  ultimate  result  of 
le  study  of  the  undulations  of  fluids  seems  to  show 
lat  the  comparison  of  the  motion  of  air  in  the  diffu- 
on  of  sound  with  the  motion  of  circular  waves  from 

center  in  water,  which  is  mentioned  at  the  begin- 
ing  of  this  chapter,  though  pertinent  in  a  certain 
'ay,  is  not  exact.  It  appears  by  Mr.  Scott's  recent 
ivestigations  concerning  waves,^  that  the  circular 
raves  are  oscillating  waves  of  the  Second  order,  and 
xe  gregariotis.  The  sound-wave  seems  rather  to 
resemble  the  great  solitary  Wave  of  Translation  of  the 
First  order,  of  which  we  have  already  spoken  in 
Book  vi.  chapter  vL 

9  Brit.  A88.  Reports  for  i844»  P-  36 1. 


CnAPTER  IV. 
Problem  of  diffebekt  Sounds  of  the  same  Steiso. 


IT  had  been,  observed  at  an  early  period  of  acoustical 
knowledge,  that  one  string  might  give  several 
sounds.  Mersenne  and  others  had  noticed'  that  wlien 
a  string  vibrateB,  one  which  is  in  unison  with  il 
Tibrat«B  without  being  tonched.  He  was  aJso  aware 
that  this  was  true  if  the  second  string  was  an  octave 
or  a  twelfth  below  the  first  This  was  observed  afl  a 
new  fact  in  England  in  1674,  and  eonimuuicated  to 
the  Royal  Society  by  Wallis.^  But  the  later  observ«» 
ascertained  further,  that  the  longer  string  divide 
iteelf  into  two,  or  into  three  equal  parts,  separated  1^ 
nodes,  or  points  of  rest;  this  they  proved  by  hanging 
bits  of  paper  on  different  parts  of  the  string.  The 
discovery  so  modified  was  again  made  by  Sauvetit' 
about  1700.  The  sounds  thus  produced  in  one  string 
by  the  vibration  of  another,  have  been  termed  Syinjxi- 
thetie  Sounds.  Similar  sounds  are  often  produced  by 
performers  on  stringed  instmmeuta,  by  touching  ths  1 
string  at  one  of  its  aJiquot  divisions,  and  are  theu 
called  the  Acute  Harmonica.  Such  facts  were  not 
diiticult  to  explain  on  Taylor's  view  of  the  mcchanio^' 
condition  of  the  string;  but  the  difficulty  wi 
when  it  was  noticed  that  a  sounding  body 
produce  these  different  notes  at  tlie  same  time. 
senne  had  remarked  this,  and  the  fact  was 
distinctly  observed  and  pursued  by  Sauveur.  ThS 
notes  thus  produced  in  addition  to  the  genuine  not*  of' 
the  string,  have  been  called  Secondary  Notes;  thoae 
usually  heard  are,  the  Octave,  the  Twelfth,  and  th* 
Seventeenth  above  the  note  itself.  To  supply  a  modft 
of  conceiving  distinctly,  and  explaining  mechaiiicallJV 
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vibrations  which  should  allow  of  aiich  an  effect,  was 
therefore  a  requisite  step  in  acoustics. 

Thia  task  was  performed  by  Daniel  Bernoulli  in  a 
memoir  published  in  1755.*  He  there  stated  and 
proved  the  Prinniple  of  Ute  co&xiatence  of  tmall  vibra- 
tions. It  was  already  established,  that  a  string  might 
vibrate  either  in  a  single  sweUing  (if  we  use  thia  word 
to  express  the  curve  between  two  nodes  which  Ber- 
noulli calls  a  venire),  or  in  two  or  three  or  any  nuinher 
of  eqnal  swellings  with  immoveable  nodes  between. 
Daniel  Bernoulli  showed  further,  that  these  nodes 
might  be  combined,  each  taking  place  aa  if  it  were 
the  only  one.  This  appears  safficient  to  explain  the 
coexistence  of  the  harmonic  sounds  just  noticed. 
D'Alembert,  indeed,  in  the  Bxixclet  Fmidainental  in  the 
French  JUna/clopedie,  and  Lagrange  in  his  Dissertation 
on  Soimd  in  the  Turin  Memoirs,^  offer  several  objec- 
tions to  this  explanation;  and  it  cannot  be  denied  that 
the  aabject  has  its  difficulties  ;  but  still  these  do  not 
deprive  Bernoulli  of  the  merit  of  having  jjointed  out 
the  principle  of  Coexistent  Vibrations,  or  divest  that 
prinraple  of  its  value  in  physicjil  science. 

Daniel  Bernoulli's  Memoir,  of  which  we  speak,  was 
published  at  a  period  when  the  clouds  which  involve 
the  general  analytical  treatment  of  the  problem  of 
vibrating  strings,  were  thiekoaiug  about  Euler  and 
D'AIembei-t,  and  darkening  into  a  controversial  hue; 
and  aa  Bernoulli  ventured  to  interpose  his  view,  as 
a  solution  of  these  difficulties,  which,  in  a  mathe- 
matical sense,  it  ia  not,  we  can  hardly  be  surprized  that 
he  met  with  a  rebuff.  The  further  prosecution  of  the 
different  modes  of  vibration  of  the  same  body  need 
not  be  here  considered. 

The  sounds  which  are  called  Grave  Harmonics,  have 
no  analogy  with  the  Acute  Harmonics  above-mentioned ; 
nor  do  they  belong  to  this  section ;  for  in  the  case  of 
Grave  Harmonira,  we  have  one  sound  from  the  co-ope- 
ration of  two  strings,  instead  of  several  sounds  from 
one  string.     These  harmonics  are,  in  &ct,  connected 
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with  beats,  of  which  we  have  already  spoken;  tihe 
beats  becoming  so  dose  as  to  prodaoe  a  note  of 
definite  musical  quality.  The  discovery  of  the  Grave 
Harmonics  is  usually  ascribed  to  Tartini,  who  mentions 
them  in  1754;  but  they  are  first  noticed®  in  the  work 
of  Sorge  On  tuning  Organs,  1744.  He  there  expresses 
this  discovery  in  a  query.  '  Whence  comes  it,  that  if 
we  tune  a  fif^  (2  :  3),  a  third  sound  is  fidntly  heard,  the 
octave  below  the  lower  of  the  two  notes  I  Katuro 
shows  that  with  2  :  3,  she  still  requires  the  unity,  to 
perfect  the  order  i,  2,  3.'  The  truth  is,  that  ^ese 
numbers  express  the  frequencj  of  the  vibrations,  and 
thus  there  will  be  coincidences  of  the  notes  2  and  3, 
which  are  of  the  frequency  i,  and  consequently  give 
the  octave  below  the  sound  2.  This  is  the  explanation 
given  by  Lagrange,  7  and  is  indeed  obvious. 

Chladni.  Acoust.  p,  z54.  7  Bfem.  7\ur.  i.  p.  104. 


CHAPTER  T. 
Pboblbx  op  the  Sockss  op  Fifes. 

IT  «raa  taken  for  gnnted  by  those  who  reixaoned  on 
sounds,  that  the  sounds  of  flutes,  organ-pipes,  and 
■wind-vnatnimenti  in  general,  consisted  in  vibrations  of 
some  kind ;  but  to  determine  the  nature  and  laws  of 
these  vibrationa,  and  to  reconcile  them  with  mecha- 
nical principlea,  was  far  from  easy.  The  leading  &ots 
which  had  been  noticed  were,  that  the  note  of  a  pipe 
was  proportioDal  to  its  length,  nnd  that  a.  flute  and 
similar  instruments  might  be  mode  to  produce  some  of 
the  acute  harmonics,  as  well  as  the  genuine  note.  It 
had  further  been  noticed,'  that  pipes  closed  at  theead, 
inatead  of  giving  the  aeries  of  harmonica  I,  ^,  ^,  ^,  ttc:, 
would  give  only  those  notes  which  answer  to  the  odd 
nmnbeTB  i,  ^,  J,  &c.  In  this  problem  also,  Newton' 
tnade  the  first  step  to  the  solution.  At  the  end  of  the 
proportions  respecting  the  velocity  of  sound,  of  which 
we  have  spoken,  he  noticed  that  it  appeared  by  taking 
Mersenne's  or  Sauveur's  determination  of  the  number 
of  vibrations  correaponding  to  a  given  note,  that  the 
pulse  of  air  mns  over  twice  the  length  of  the  pipe  in 
the  time  of  each  vibration.  He  does  not  follow  out 
this  observation,  but  it  obviously  points  to  the  theory, 
that  the  sound  of  a  pipe  consists  of  pulsea  which  travel 
hack  and  forwards  along  its  length,  and  are  kept  in. 
motion  by  the  breath  of  the  player.  This  supposition 
would  account  for  the  observed  dependenoo  of  the  note 
on  the  length  of  the  pipe.  The  sitbject  dues  not  appear 
to  have  been  again  taken  up  in  a  theoretical  way 
till  about  1760;  when  Lagrange  in  the  second  volume 
of  the  Turin.  Memoirs,  and  D.  Bemoulli  in  the  Memoira 
of  the  French  Academy  for  1762,  published  important 

'  D.  Bernoulli.  Berlin.  Mem 
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esMfs.  in  wliich  some  of  the  leading  &cts  were  satis- 
EMtorily  expUiDe<i  &nd  which  maf  therefore  be  caaa- 
dered  as  tbtt  principal  solntiona  of  the  problem. 

In  these  Bolntioiu  there  was  necessarily  someliung 
hjpotlieticaL  In  the  case  of  vibrating  etrings,  as  ire 
IwTese^t,  the  Form  of  the  vibratirig  cmrve  was  guessed 
at  only,  bat  the  existence  and  portion  of  the  Nodea 
eoold  be  rendered  visible  to  the  eye.  In  the  ribn- 
tions  of  air,  we  cannot  aee  either  the  places  oi 
podes,  or  the  mode  of  vibration;  bat  several  of  tbe 
Tcsultd  are  indepeodeat  of  these  circumatancea.  Thus 
both  of  the  Bolntions  explain  the  lact,  that  a  tube 
dosed  at  one  end  b  in  nniion  with  an  open  tnbe  <A 
ddable  the  length;  and,  bv  supposing  nodes  to  occur, 
tbey  aoconnt  for  the  ejcistenee  of  the  odd  series  ol 
bannonics  akine,  i,  j,  5,  in  closed  tubea,  while  the 
whole  ames,  i,  2,  3,  4,  5,  ±c,  occara  in  open  odm. 
Both  views  of  the  nature  of  the  vibrutiou  appear  ta 
be  nearly  the  same;  thongh  L^;tange's  is  expressed 
with  an  analytical  genendity  which  renders  it  obseon, 
and  Bernoulli  has  perhaps  laid  down  an  liypothetit 
more  qiecial  than  was  necessary.  Lagrange^  considen 
the  vibration  of  open  Antes  as  '  the  oscOlations  of  a 
fibre  of  air,'  under  the  condition  that  its  elasticity  at 
the  two  enda  is,  during  the  whole  oscillation,  the  eame 
as  Uiat  of  the  Burronuding  atmosphere.  BernouJIi  sup- 
poses* the  whole  inertia  of  the  air  in  the  flute  to  be 
collected  into  one  particle,  and  this  to  be  moved  by  tbe 
whole  elasticity  arising  from  this  displacement.  It 
may  be  observed  that  both  these  modes  of  treating  the 
matter  come  very  near  to  what  we  have  stated  as 
Newton's  theory;  for  though  Bernoulli  supposes  all 
the  ^  in  the  flute  to  be  moved  at  once,  and  not  suc- 
cessively, as  by  Newton's  pulse,  in  either  case  the 
whole  elasticity  moves  the  whole  air  in  the  tube,  and 
requires  more  time  to  do  this  according  to  its  quantity, 
Since  that  time,  the  subject  has  received  further 
mathematical    development   from   Euler,^    Lambert,' 
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and  Poisson;^  but  no  new  explanation  of  faces  has 
arisen.  Attempts  have  however  been  made  to  uacer- 
tain  experimentally  the  places  of  the  nodes.  Bernoulli 
Itiinaelf  hail  shown  that  this  phice  was  affected  by  the 
amount  of  the  opeaing,  and  Lambert^  had  examined 
other  oases  with  the  aama  view.  Savart  traced  the  node 
in  various  musical  pii>es  under  different  conditions ;  and 
very  recently  Mr,  Hopkins,  of  Cambridge,  has  pursued 
the  Eiame  experimental  inquiry.^  It  appears  from 
these  researchea,  that  the  early  assumptions  of  mathe- 
maticians with  regard  to  the  position  of  the  nodes,  are 
not  exactly  verified  by  the  facts.  When  the  air  in  a 
pipe  is  made  to  vibrate  so  as  to  have  several  nodes  whic)i 
divide  it  into  equal  parts,  it  liad  been  supposed  by 
acoustical  writers  that  the  part  adjacent  to  the  open 
end  was  half  of  the  other  pariis;  the  outermost  node, 
however,  is  found  experimentally  to  be  displaced  from 
the  position  thus  assigned  to  it,  by  a  quantity  depend- 
ing on  several  collateral  circumetanoes. 

Since  our  purpose  was  to  consider  this  problem  only 
so  fiir  as  it  has  tended  towards  its  mathematical  solution, 
we  have  avoided  saying  anything  of  the  dependence 
of  the  mode  of  vibration  on  the  cause  by  which  the 
sound  is  produced ;  and  consequently,  the  researches 
I  on  the  effects  of  reeds,  embouchures,  and  the  like,  by 
Chladni,  Savart,  Willis  and  otliers,  do  not  belong  to 
our  subject.  It  is  easily  seen  that  the  complex  effect 
of  the  ^astictty  and  other  properties  of  the  reed  and 
of  the  air  together,  is  a  problem  of  which  we  can 
hardly  hope  to  give  a  complete  solution  till  our 
knowledge  has  advanced  much  beyond  its  present 
condition, 
^jlndeed  in  the  science  of  Acoustics  there  is  a  vast 
body  of  fiicts  to  which  we  might  apply  what  has  just 
been  said;  hut  for  the  sake  of  pointing  out  some  of 
them,  we  shall  coni;ider  them  as  the  subjects  of  one 
extensive  and  yet  unsolved  problem. 

J  Jour*.  Ec.  Polj/t.  cup.  14.  8  ^cad.  BerUn,  iT7J. 
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NOT  only  the  objeete  of  wluch  we  have  spokai 
liitkerto,  strings  and  pi)>es,  but  almost  all  bodies 
are  capable  of  vibration.  Bulls,  gongs,  liming-forb, 
are  examples  of  solid  bodies;  druiua  and  lanibourinea, 
of  membranes ;  if  we  run  a  wet  finger  along  the  edge  of 
a  glass  goblet,  we  tlirow  the  fluid  which  it  contuss 
into  a  r^ular  vibration;  and  the  various  cbaradH' 
which-Rninds  possess  according  to  the  room  in  vhieii 
they  are  nttered,  shows  that  lai^  masses  of  air  iure 
peculiar  modes  of  vibration.  Tibtationa  are  genenll; 
accompanied  by  sound,  and  they  may,  theiiefore,  be 
oon^dered  as  acoustical  phenomena,  especially  at  ths 
eottnd  is  one  of  the  most  decisive  facts  in  indicauDg 
thn  mode  of  vibration.  Miireover,  every  body  of  lii« 
lund  can  vibrate  in  many  diflepcnt  ways,  the  vibrating 
segments  being  divided  by  Xodal  Lines  and  Sur&ces 
of  ruimis  form  and  aiunber.  The  mode  of  vibration, 
adeeted  by  the  body  iu  each  case,  is  determined  liy 
tit«  way  io  which  it  is  held,  the  way  in  which  it  is  «et 
in  Tibratjou,  and  the  like  circumstances. 

The  genera]  problem  of  such  vibrations  incloilH 
Uk  discovery  and  classification  of  the  phenomena ;  the 
ilelection  of  their  formal  laws;  and,  tinally,  the  expla- 
iMtiiMi  of  these  on  mechanical  principles.  We  must 
t|M<^  very  briefly  of  what  has  bevn  d<me  in  these 
vays.  The  facta  which  indii»te  Nodal  Ijnes  had  been 
Kjuarkfd  hy  Galileo,  on  the  soTmding-board  of  a 
wMskxI  uutoumtnt;  and  Hooke  bad  proposed  to 
thatm  tlw  vibratioDS  of  a  bdl  byatrvwing  Soar  upon 
it.  Bmt  it  wa«  CUadiu,  a  Gatamn  philosopher,  who 
«nne)Md  aowties  with  tho  dtseoven  of  the  vast 
variety  of  y»w*ri»l^;w««  of  Sodal  lines,  which  are 
«xkib^ci  «a  ftBfeM«tKCi^HxfcwM^^V!0.iDad«to  somid. 
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His  first  investigationa  on  this  subject,  Entdeekmigen 
iiberdU  Tkeoriedes  Xlangs.were  publiaLed  1787  :  and 
in  iSoa  aod  1817  he  added  other  discoveries.  In 
these  works  he  not  only  related  a  vast  uumher  of  new 
and  carious  facts,  but  in  some  measure  reduced  some 
of  them  to  order  and  law.  For  instance,  he  has  traced 
all  the  vibrations  of  square  i>late8  to  a  resemblance 
with  those  forma  of  vibration  in  which  Nodal  Lines  are 
parallel  to  one  side  of  the  square,  and  those  in  wliich 
they  are  parallel  to  another  side;  and  he  has  esta- 
biidied  a  notation  for  the  modes  of  vibration  founded 
on  this  classification.  Thus,  g-2  denotes  a  form  in 
which  there  are  five  Nodal  Liuea  parallel  to  one  side, 
and  two  to  another ;  or  a  form  which  can  be  traced  to  a 
disfigurement  of  such  a  standard  tyjie,  Savart  pursued 
this  subject  still  further;  and  traced,  hy  actual  observa- 
tion, the  forms  of  the  Nodal  Surfaces  which  divide  solid 
bodies,  and  masses  of  air,  when  in  a  state  of  vibration. 
The  dependence  of  such  vibrations  apon  theii- 
physical  cause,  namely,  the  elasticity  of  the  substance, 
we  can  conceive  in  a  general  way ;  but  the  mathematical 
theory  of  such  cases  is,  as  might  be  supposed,  very 
difficult,  even  if  we  confine  oiiraelres  to  the  obvious 
question  of  the  mechanical  possibility  of  these  different 
modes  of  vibration,  and  leave  out  of  consideration 
their  dependence  upon  the  mode  of  excitation.  The 
transverse  vibrations  of  elastic  rods,  plates,  and  rings, 
had  been  considered  by  Enler  in  1779;  but  bis  calcu- 
lations concerning  plates  had  foretold  only  a  small 
part  of  the  curious  i>henomena,  observed  by  Chladniji 
and  the  several  notes  which,  according  to  his  calcula- 
tion, the  same  ring  ought  to  give,  were  not  in  agree- 
ment with  experiment. '^  Indeed,  researches  of  this 
kind,  as  conducted  by  Euler,  and  other  authors,* 
rather  were,  and  were  intended  for,  examples  of  ana- 
lytical skill,  than  explanations  of  physical  facts.  James 
Bemonlli,  after  the  publication  of  Chladni's  experi- 
meuta  in  1787,  attempted  to  solve  the  problem  for 
plates,  by  treating  a  plate  aa  a  collection  of  fibres;  but, 
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OB  Chladni  obaerceH,  the  juHtice  of  this  mode  of  con- 
ceptitiu  is  disproved,  by  the  disagreement  of  its  resnlte 
with  experiment. 

The  Institute  of  France,  which  had  approved  of 
Cliladni's  labours,  proposed,  in  1809,  the  problem  nn* 
before  us  as  a  prize-question  ;* — '  To  give  the  mathe- 
maticftl  theory  of  the-  vibrations  of  elastic  surfaces, 
and  to  compare  it  with  experiment.'  Only  one  memoir 
was  sent  in  as  a  candidate  for  the  prize j  and  this  vaa 
not  crowned,  though  honourable  mention  was  made  of 
it.^  The  fonnulffi  of  James  Bernoulli  were,  according 
to  M.  Poisson's  statement,  defective,  in  consequence 
of  hie  not  taking  into  Account  the  normal  force  which 
acta  at  the  exterior  boundary  of  the  plate."  Thfi 
author  of  the  anonymous  memoir  corrected  this  errour, 
and  calculated  the  note  corresponding  to  Tarious 
figures  of  the  nodal  hnes;  and  he  found  an  agreement 
with  experiment  sufficient  to  justify  his  theory.  He 
had  not,  however,  proved  his  fundamental  eqiiation, 
which  M.  Poisson  demonstrated  in  a  Memoir,  read  in 
1814.^  At  a  more  recent  period  also,  MM.  Poisson 
and  Cauchy  (as  well  as  a  lady,  Mile.  Sophie  Giermaiii) 
have  applied  to  this  problem  the  artifices  of  the  most 
improved  analysis.  M.  Poisson^  determined  the  reU:. 
tion  of  the  notes  given  by  the  longitudinal  and  t' 
transverse  vibrations  of  a  rod ;  and  solved  the  probl< 
of  vibrating  circular  j^iiates  when  the  nodal  lines 
concentric  circles.  In  both  these  cases,  the  numerical 
agreemeut  of  bis  reau.lts  with  experience,  seemed  to 
confirin  the  justice  of  his  fundamental  viewa.'  He 
proceeds  upon  the  hypothesis,  that  elastic  bodies  are 
composed  of  separate  particles  held  together  by  the 
atti-active  forces  which  they  exert  upon  each  other, 
and  distended  by  the  repulsive  force  of  heat.  M. 
Cauchy^"  has  also  calculated  the  transversa  lono; 
tudinal,  and  rotatory  vibrations  of  elastic  rods. 
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has  obtained  results  agreeing  closely  Tpith  experiment 
tlirough  a  considerable  list  of  comparisons,  Tlie 
combined  authority  of  two  profound  ftnnlyntB,  as 
MM.  Poisson  and  Canchy  are,  leads  hb  to  believe  tliut, 
for  the  simpler  cases  of  the  vibrations  of  elastic  bodies, 
Mathematics  has  executed  her  task;  but  most  of  the 
more  complex  canes  remain  as  yet  unsubdued. 

The  two  brothel^  Ernest  and  William  Weber, 
made  many  curious  observations  on  undulations, 
which,  are  contained  in  their  Welleiilehre,  (Doctrine  of 
Waves,}  published  at  Leipsig  in  1825.  They  were 
led  to  suppose,  (as  Toung  had  suggested  at  an  earlier 
period,)  that  Chladni's  Sgures  of  nodal  lines  in  plates 
were  to  he  accounted  for  by  the  superposition  of 
undulations. ^'  Mr.  Wheatatone^^  has  undertaken  to 
acoount  for  Chladni's  figures  of  vibrating  sqvwee 
plates  by  this  superposition  of  two  or  more  simple 
and  obviously  allowable  modes  of  nodal  division, 
which  have  the  same  time  of  vibration.  He  assumes, 
for  this  purpose,  certain  '  prima.ry  figures,'  containing 
only  parallel  nodal  lines;  and  by  combining  these, 
first  in  twos,  and  then  in  fours,  he  obtains  most  of 
Chladni's  observed  figures,  and  accounts  for  their 
transitions  and  deviations  from  regularity. 

The  principle  of  the  superposition  of  vibrations  is 
so  solidly  established  as  a  mechanical  truth,  that  we 
may  consider  an  acoustical  problem  as  satisfactorily 
disposed  of,  when  it  is  reduced  to  that  principle,  as 
well  as  when  it  is  solved  by  analytical  mechanics:  but 
at  the  same  time  we  may  recollect,  that  the  right 
application  and  limitation  of  this  law  involves  no 
small  difficulty;  and  in  this  case,  as  in  all  advances  in 
physical  science,  we  cannot  but  wish  to  have  the  new 
ground  which  has  been  gained,  gone  over  by  some 
other  person  in  some  other  manner;  and  thus  secured 
to  ua  as  a  permanent  possession. 

Savart'a  Lawe. — In  what  has  preceded,  the  vibra- 
tions Qf  bodies  have  been  referred  to  certain  general 
classes,  the  separation   of  which  was  suggested   by 

"  *6«!«&*nf.f.  474-  "  Sm.  aVons.  i81^,e.5Sl. 
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observation ;  for  example,  the  Iraniverse,  Itmijitudinal, 
and  rotatory,^^  vibi-ationa  of  rods.  The  tranaTerse 
Tibrations,  in  which  the  rod  goes  backwards  and 
forwards  across  the  hne  of  its  length,  were  the  only 
ones  noticed  by  the  earlier  acoiislicians :  the  othen 
were  principally  brought  into  notice  by  ChladnL  As 
we  have  already  seen  in  the  preceding  pages,  this 
classification  serves  to  express  important  laws ;  as,  for 
instance,  a  law  obtained  by  M.  Poisaon  which  gives 
the  relation  of  the  notes  produced  by  the  transverse 
and  longitudinal  vibrations  of  a  rod.  Bnt  this  dis- 
tinction was  employed  by  M,  Felii  Savart  to  express 
laws  of  a  more  general  kind ;  and  then,  as  otlea 
happens  in  the  progress  of  Bcienoe,  by  pnrauing  these 
laws  to  a  higher  point  of  generality,  the  distinction 
again  seemed  to  vanish.     A   very  few   words  mil 

It  was  long  ago  known  that  vibrations  may  be  com- 
municated by  contact.  The  distinction  of  tranaveiM 
and  longitudinal  vibrations  being  established,  Savsrt 
fo\ind  that  if  one  rod  touch  another  perpendicularly, 
the  longitudinal  vibra-tions  of  the  first  ocoasioa  trans- 
verse vibrations  in  the  second,  and  vice  versA.  This  ia 
the  more  remarkable,  since  the  two  sets  of  vibrations 
are  not  equal  in  rapidity,  and  therefore  cannot  sympt- 
thize  in  any  obvious  manner.'*  Savart  found  hiiuaelf 
able  to  generalize  this  proposition,  and  to  assert  tbat 
in  any  combination  of  rods,  strings,  and  laminR,  at 
right  angles  to  each  other,  the  longitudinal  and 
transverse  vibrations  affect  respectively  the  rods  in  the 
one  and  other  direction,^  so  that  when  the  horizontal 
rods,  for  example,  vibrate  in  the  one  way,  the  vertioal 
rods  vibrate  in  the  other. 

Thia  law  was  thus  expressed  in  terms  of  that  classi- 
fication of  vibrations  of  which  we  have  spoken.  Yet 
we  easily  see  that  we  may  express  it  in  a  more  general 
manner,  without  referring  to  that  classification,  by 
saying,  that  vibrations  are  communicated  so  as  alvfajs 
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to  be  parallel  to  thdr  origma.]  tlircction.  And  by 
fullowiag  it  oat  iu  this  almpe  hy  means  of  GsperiiDBut, 
M.  Savart  was  led,  a  short  time  afterwards,  to  deny 
that  ^ere  is  any  essential  distinction  in  these  dlfTereDt 
kinds  of  vibration.  'We  are  thus  led,'  he  says'"  in 
1822,  'to  consider  nOTiiwl  [transverse]  vibrations  as 
only  one  circumstance  in  a  more  general  motion 
common  to  all  bodies,  analogous  to  tant/erUial  [longi- 
tudinal and  rotatory]  vibrations ;  that  is,  as  produced 
by  small  molecular  osdllaliona,  and  diiferently  luodilied 
according  to  the  direction  which  it  affects,  relatirely 
to  the  dimensions  of  the  vibrating  body,' 

These  'inductions,'  as  he  properly  calls  them,  are 
supported  by  a  great  mass  of  ingenious  experiments; 
and  may  be  considered  as  well  established,  wlien  they 
are  limited  to  molecular  oscillations,  employing  this 
phrase  in  the  sense  iu  which  it  is  understood  in  the 
above  atutement ;  and  also  when  they  are  confined  to 
bodies  in  which  the  play  of  elasticity  is  not  interrupted 
by  parts  more  rigid  than  the  reat,  as  the  sound-poat  of 
.  a  violin.''  And  before'  I  quit  the  subject,  I  may 
notice  a  consequence  which  M.  Savart  has  deduced 
from  his  views,  and  which,  at  first  sight,  appears  to 
overturn  most  of  the  earlier  doctrines  respecting  vibrat- 
ing bodies.  It  was  formerly  held  that  tense  strings 
and  elastic  rods  could  vibrato  only  in  a  determinate 
series  of  modes  of  division,  with  no  intermediate  steps. 
But  M.  Savart  maintains,'"  on  the  contrary,  that  they 
produce  sounds  which  are  gradually  transformed  into 
one  another,  by  indefinite  intermediate  degrees.  The 
reader  may  naturally  ask,  what  is  the  solution  of  this 
apparent  contradiction  between,  the  earliest  and  the 
latest  discoveries  in  acoustics  1  And  the  answer  must 
be,  that  these  intermediate  modes  of  vibration  are 
complex  in  their  nature,  and  difficult  to  produce ;  and 
that  those  which  were  formerly  believed  to  be  the 
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■only  possible  vibrating  conditiona,  are  ao  eminen* 
above  all  tlie  rest  by  their  features,  their  simplicity, 
and  their  facility,  tliat  we  may  still,  for  contmcv 
purposes,  consider  them  as  a  class  apart;  although  fn 
the  sake  of  reaching  a  general  theorem,  we  may  am 
ciate  them  with  the  geoeral  mufia  of  cases  of  molecokl 
vibrations.  And  thus  we  have  no  exception  here,  a 
we  can  have  none  in  any  case,  to  oui*  maxim,  thai 
what  formed  part  of  tLe  early  discoveriea  of  scieno^ 
forms  part  of  its  latest  systems. 

We  have  thus  surveyed  the  progress  of  the  soieoo* 
of  sound  up  to  recent  tiiuea,  with  respect  both  to  tJia 
disuovery  of  laws  of  phenomena,  and  the  reductioa  of 
these  to  their  mechanical  causes.  The  former  b. 
of  the  science  has  necessarily  been  inductively  pursHedj' 
and  therefore  lias  been  more  peculiarly  the  subject  af 
OUT  attention.  And  this  consideration  will  espUiti 
why  we  have  not  dwelt  more  upon  the  deduotiw 
labours  of  the  great  analysts  who  have  treated  of  U  "" 
problem. 

To  those  who  are  acquainted  with  the  high  t 
deserved  fame  which  the  labours  of  D'Alembert,  Eule^ 
Lagrange,  and  others,  upon  this  subject,  enjoy  amon_ 
mathematicians,  it  may  seem  as  if  we  had  not  giva 
them  their  due  piximinence  in  our  sketch.  Butitii 
to  be  recollected  here,  as  we  have  already  observed  i 
the  case  of  hydrody nannies,  that  eveu  when  the  geneti 
principles  are  uncontested,  mere  mathematical  dedu^ 
tions  from  them  do  not  belong  to  the  history  a 
physical  science,  except  when  they  point  out  lawi 
wliich  are  intermediate  between  the  general  princij^ 
and  the  individual  facts,  and  which  observation  nii^ 

The  business  of  constnicting  any  science  may  b 
figured  as  the  task  of  forming  a  road  on  which  Otl 
reason  can  travel  through  a  certain  province  of  ti 
external  world.  We  have  to  throw  a  bridge  whici 
may  lead  from  the  chambers  of  our  own  thought! 
from  our  speculative  pi-inciples,  to  the  distant  ahioe  c 
material  facta.     £>utui.aIL  i»aes.^\iB  lOwj^iiRticKHF' 
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to  be  crossed,  except  wb  can  find  some  intermediate 
points  on  whicli  the  piera  of  our  structure  may  rest. 
Mere  fincts,  urithout  connexion  or  law,  are  only  the 
rude  stones  hewn  from  the  opposite  bank,  of  which  our 
arches  may,  at  some  time,  be  built.  But  mere  hypo- 
thetical mathematioal  oalculatiotts  are  only  plana  of 
projected  stnicturcfl;  and  those  plana  which  exhibit 
only  one  vast  and  single  aroh,  oi-  which  suppose  no 
support  but  that  which  our  own  position  supplies,  will 
asfluredly  never  become  realities.  We  must  have  a 
firm  basis  of  intermediate  generalizations  in  order  to 
frame  a  continuous  and  stable  edifice. 

In  the  subject  before  ns,  we  have  no  want  of  such 
points  of  intermediate  support,  although  they  are  in 
many  instances  iiregularly  distributed  and  obscurely 
Eeen.  The  number  of  observed'laws  and  relations  of 
the  phenomena  of  sound,  is  already  very  great;  and 
though  the  time  may  be  distant,  there  seems  to  be  no 
reason  to  despair  of  one  day  uniting  them  by  clear 
ideas  of  mechanical  causation,  and  thus  of  making 
acoustics  a  perfect  secondary  mechanical  science. 

The  historical  sketch  just  given  includes  only  such 
parts  of  acoustics  as  have  been  in  some  degree  reduced 
to  general  laws  and  physical  causes;  and  thus  e:scludea 
much  that  is  usually  treated  of  under  that  head. 
Moreover,  many  of  the  numerical  calculations  con- 
Qeoted  witff  sound  belong  to  its  agreeable  efiect  upon 
the  ear;  as  the  properties  of  thfi  various  systems  of 
TmnperaTnenl.  These  are  parts  of  Theoretical  Music, 
not  of  Acoustics ; — of  the  Philosophy  of  the  Fine  Arts, 
not  of  Physical  Science;  and  may  be  referred  to  in  a 
fiiture  portion  of  this  work,  so  far  aa  they  bear  upon 
our  object. 

The  science  of  Acoustics  may,  however,  properly 
consider  other  difierences  of  sound  than  those  of  acute 
and  grave, — for  instance,  the  articulate  differences,  or 
those  by  which  the  various  letters  are  formed.  Some 
progress  has  been  made  in  reducing  this  part  of  the 
subject  to  general  mles;  for  though  Kempelen's 
'tai^injr  madiine'  was  only  a,  work  of  art,  Mr.  ^fflia'a 
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machine,^'  which  exhibits  the  relation  among  the 
Yowelsy  gives  ns  a  law  such  as  forms  a  step  in  science. 
We  may,  however,  consider  this  instrument  as  a 
phihongometer^  or  measore  of  vowel  qnalitj ;  and  in  that 
point  of  view  we  shall  have  to  refer  to  it  again  when 
we  come  to  q)eak  of  such  measures. 


*  Oalhs  Towel  Sounds,  and  on  Seed  Qisia-p^ei. 
iIL»37. 
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FORMAL  AND  PHYSICAL. 


'A^TpmWg  'HtXiow  r^  SfXjfva«j|c  re  fupia/ta 

*Yfi4mnK  'AIOHP,  Kovpam  0TO€X^lor,  dpunrov' 
'AyXaiv  m  fikaermut^  nkavfopatf,  aeifpaf^yyic 
KicXj|0Kw  Xirvfuu  oi,  ccspo^yor  oviiov  dvtu. 

OspHKUB.  Hm. 

O  thoa  vlfto  fiDesi  tlie  pdbees  of  Jore ; 
Who  flowest  round  moon,  and  8tm  and  stars  abore ; 
Penrading,  bri^t,  life-giTing  dement, 
Snpenial  Bthss,  fiur  and  exoeOsit ; 
Fountain  of  liope  and  joy,  of  light  and  da j, 
-  We  own  at  loigth  thy  tranqoil,  steady  sway. 


FOBICAL  AND  PhYSICAI.  OpTICS. 

rHE  history  of  the  science  of  Optica,  written  at 
leugth,  would  be  very  voluminous;  but  we  shall 
Dot  need  to  make  our  history  eo;  eiuce  our  main 
object  ia  to  iiluatr^te  the  nature  of  acience  and  the 
conditions  of  its  progress.  In  tius  way  Optics  ia  pe- 
culiarly instructivej  the  more  so,  as  its  history  has 
bUowed  a.  course  in  some  reepecta  difierent  from  both 
tliB  sciences  previously  reviewed.  Astronomy,  as  wo 
We  seen,  advanced  with  a  steady  and  continuous 
moTenie&t  &Dm  one  generation  to  another,  from  the 
earliest  time,  till  her  career  was  crowned  by  the  great 
unforeseen  discovery  of  Newton ;  Acoustics  had  her 
extreme  generalization  in  view  from  the  first,  and  her 
Ustory  consists  in  the  correct  application  of  it  to  suc- 
Kssive  problems  J  Optics  advanced  through  a  scale  of 
generalizationa  as  remarkable  aa  those  of  Astronomy; 
bat  for  a  long  period  she  was  almost  stationary;  and, 
at  last,  was  rapidly  iffl.pelled  through  all  those  stages 
by  the  energy  of  two  or  three  discoverers.  The 
highest  point  of  generality  which  Optics  has  reached 
is  little  difierent  from  that  which  Acoustics  occupied 
it  once;  but  in  the  older  and  earlier  science  we  still 
<rant  that  palpable  and  pointed  confirmation  of  the 
general  principle,  which  the  undulatory  theory  receives 
torn  optical  phenomena.  Astronomy  has  amaaaed  her 
>'ast  fortune  by  long-oontinned  industry  and  labour; 
jpticB  has  obtained  hers  in  a  few  years  by  sagacious 
ind  happy  speculations ;  Acoustics,  having  early  ac- 
quired a  competence,  has  since  been  employed  mther 
i^ii  improving  and  adorning  than  in  ext^dtng  her 
^tate. 

The  aucceasive inductions  bywhich  Optica moAe^ifcT 
tdF^cea,  might,   of  course,  be  treated  in  the  aam.ft 
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inauner  as  those  of  Aatronomy,  each  having  ita  prelude 
and  its  sequel.  But  most  of  the  discoveries  in  Optics 
are  of  a  smaller  character,  and  have  leas  emiiloyed  the 
mindfi  of  men,  than  those  of  Astronomy;  and  it  will 
not  be  necessary  to  exhihit  them  in  thin  detailud 
manner,  till  we  come  to  the  great  generalizatiou  by 
which  the  theory  was  estahlished,  I  shull,  therefore, 
now  pass  rapidly  in  review  tLe  eaj-lier  optical  dis- 
coveries, without  any  such  division  of  the  series. 

Optics,  like  Astronomy,  has  for  its  object  of  inquiry, 
first,  the  laws  of  phenomena,  and  next,  their  causes; 
and  we  may  hence  divide  this  science,  lite  the  other, 
into  Formal  Optics  and  fkyaieal  Optics.  The  distino- 
tion  is  clear  and  substantive,  but  it  is  nob  easy  to 
adhere  to  it  in  our  narrative ;  for,  after  the  theory  htid 
begun  to  make  ita  rapid  advance,  many  of  the  Jaws  of 
phenomena  were  studied  and  discovered  in  imraediato 
reference  to  the  theoretical  cause,  and  do  not  occupy 
a  separate  place  in  the  history  of  science,  aa  in  astro- 
nomy they  do.  We  may  add,  that  the  reason  why 
Formal  Astronomy  was  almost  complete  before  Physio*! 
Asti'onomy  began  to  exist,  was,  that  it  was  neoflssKj 
to  construct  the  science  of  Mechanics  in  the  meantime 
in  order  to  be  able  to  go  on;  whereas,  in  Optics, 
mathematiciaua  were  able  to  calculate  the  results  of 
the  undulatory  theory  as  soon  aa  it  had  suggested 
itself  from  the  earlier  facts,  and  while  the  great  mass 
of  facts  were  only  becoming  known. 

We  shall,  then,  in  the  first  idne  chapters  of  the 
History  of  Optics,  treat  of  the  Formal  Science,  that  ia, 
the  discovery  of  the  laws  of  phenomena.  The  clasees 
of  phenomena  which  will  thus  pass  under  oiir  notice 
are  numerous;  namely,  rejection,  refraction,  ehromatio 
diapersion,  achromatization,  double  refraction,  polaria- 
tion,  dipolarization,  the  coloiu's  of  thin  plates,  tlie 
colours  of  thick  plates,  and  the  fringee  and  bands 
which  accompany  shadows.  All  these  cases  had  been 
studied,  and,  in  most  of  them,  the  laws  had  been  ia  * 
great  meaavire  discovered,  before  the  physical  theory  "f 
the  subject  gave  to  oai  WovrVadge  a  Ampler  and  moro 
solid  form. 


FOMMAL  OFTICS. 


CHAPTER  I. 


IN  speaking  of  tbe  Ancient  History  of  Phjdcs,  we 
have  already  noticed  that  the  optical  philusophera 
of  antiquity  had  satisfied  themselves  that  vision  is  per- 
formed in  Htraight  lines; — that  they  had  fixed  their 
attention  upon  those  straight  lines,  or  ray»,  as  the 
proper  object  of  the  science; — they  had  ascertained 
that  rays  reflected  from  a  bidght  snrface  make  tho 
angle  o/ reflection  eqaa,\  to  the  angle  of  incidence; — 
and  they  had  drawn  several  conEequencee  from  these 
principles. 

We  may  add  to  the  consequences  already  mentioned, 
the  art  of  per»pective,  which  is  nkerely  a  corollary  from 
the  doctrine  of  rectilinear  visual  rays;  for  if  we 
suppose  objects  to  be  referred  by  such  rays  to  a  plane 
interposed  between  them  and  the  eye,  all  the  rules  of 
perspective  follow  directly.  The  ancients  practised 
this  art,  as  we  see  in  the  pictures  which  remain  to  ub  ; 
and  we  learn  from  Vitruvius,'  that  they  also  wrote 
upon  it.  Agatharchus,  who  had  been  instructed  by 
!^hylua  in  the  art  of  making  decorations  for  the 
theatre,  was  the  first  author  on  this  subject,  and 
Anaxagoras,  who  was  a  pupil  of  Agathai-chus,  also 
wrote  an  Actinographia,  or  doctrine  of  drawing  by 
rays  :  but  none  of  these  treatises  are  come  down  U>  us. 
The  modems  re-inveuted  the  art  in  the  flourishing 
times  of  the  art  of  painting,  that  is,  about  the  end  of  the 
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fifbeentli  century;  and,  belonging  to  that  period  also, 
we  have  treatises^  upon  it. 

But  these  are  only  deductive  applications  of  the 
most  elementary  optical  doctrines;  we  must  proceed 
to  the  inductions  by  which  further  discoveries  were 
made. 

'  Gauricus,  1504. 


CHAPTER  ir. 

DiBCOYEBT  OP  THB  LAW  OF  ReTKACTIOS. 

W"E  have  seen  in  the  former  part  of  this  history 
that  the  Greeks  had  formed  a  tolrsrably  clear 
conception  of  the  refraction  aa  wd]  as  the  reflection 
of  the  rays  of  light]  and  that  Ptolemy  had  measvired 
the  amount  of  refraction  of  glass  and  water  at  Tarious 
angles.  If  we  give  the  names  of  the  aitgle  o/incicleneea 
and  the  angle  of  rejradion  respectively  to  the  angles 
"which  a  ray  of  light  makes  with  the  line  peqwndicular 
to  surface  of  glass  or  water  (or  any  other  medium) 
"within  and  without  the  medium,  Ptolemy  had  observed 
-that  the  angle  of  re&action  is  always  less  than  the 

^le  of  incidence.  He  had  supposed  it  to  be  leaa 
in  a  given  proportion,  but  this  opinion  is  false;  and 
"\raa  afterwards  rightly  denied  by  the  Arabian  mathe- 
matician Alhazen.  The  optical  views  which  occur  in 
Xhe  work  of  Alhazen  are  &r  sounder  than  those  of 
lis  predecessor; ;  and  the  book  may  be  regarded  as 
the  most  considerable  monument  which  we  have  of 
the  scientific  genius  of  the  Arabians;  for  it  appears, 
for  the  most  part,  not  to  be  borrowed  from  Greek 
authorities.  The  author  not  only  asserts  (lib.  vii), 
that  refraction  takes  place  towards  the  perpendicular, 
and  refers  to  experiment  for  the  truth  of  this;  and 
that  the  quantities  of  the  refraction  differ  according 
to  the  magnitudes  of  the  angles  which  the  directions 
of  the  incidental  rays  (jtrimre  linece)  make  with  the 
perpendiculars  to  the  surface;  but  he  also  says  dis- 
tinctly and  decidedly  that  the  angles  of  refraction  do 
not  follow  the  proportion  of  the  angles  of  incidence. 

[and  Ed.]  [There  appears  to  be  good  ground  to 
assent  to  the  assertion  of  Alhazen'»  origiuality,  made  by 
his  editor  Risner,  who  says,  'Euclideum  hie  vel  Ptole- 
maicum  nihil  ffre  eat'  Bwides  the  doctrine  of  tedec- 
tion  and  refraction  of  light,  the  Arabian  authot  gtvea 
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a  description  of  the  eye.  He  distinguishes  tliree 
fluidii,  humor  aqueaa,  erydailinug,  rilreua,  and  four 
coats  of  the  eye,  taniea  adherens,  cornea,  uvea,  lunias 
reti  similig.  He  distinguishes  also  three  kinds  of 
Tiaion  :  'Tiaibile  percipitur  aut  solo  viaii,  aut  visa  et 
Byll(^i8ino,  ant  visu  et  anticijata  notione.'  He  hti 
several  propositions  relating  to  -what  we  sometimos 
call  the  Philosophy  of  Vision;  for  instance  this; 
'  £  Tisibili  stepius  viso  remanet  in  anima  generaJis 
notio,'  &e.] 

The  assertion,  that  the  angles  of  refraction 
not  proportional  to  the  angles  of  incidence,  was 
an  important  remark;  and  if  it  had  been  steadilr 
kept  in  mind,  the  nest  thing  to  be  done  with 
regard  to  refraction  was  to  go  on  experimenting  and 
conjecturing  till  the  true  law  of  refraction  was  dis- 
covered; and  in  the  mean  time  to  apply  the  principle 
aa  far  as  it  was  known.  Alhazen,  though  be  give) 
directions  for  making  experimental  measures  of  re- 
fraction, does  not  give  any  Table  of  the  results  of 
Biich  experiments,  as  Ptolemy  had  done.  Vitello,  I 
Pole,  who  in  the  tlirteenth  centnry  puhlished  en 
extensive  work  upon  Optics,  does  give  such  a  table; 
and  asserts  it  to  be  deduced  from  experiment,  as  I 
have  already  said  (vol.  i.)  But  thia  assertion  is  still 
liable  to  doubt  in  consequence  of  the  table  containiog 
impossible  observations. 

[2nd  Ed.]  [As  I  have  already  stated,  Titello 
asserts  that  his  Tables  were  derived  from  his  own 
'observationfl.  Their  near  agreement  with  those  of 
Ptolemy  does  not  make  this  improbable;  for  where 
the  observations  were  only  made  to  half  a  degree, 
there  was  not  much  room  for  observers  to  differ. 
It  is  not  unlikely  that  the  observations  of  refiriction 
out  of  air  into  water  and  glass,  and  out  of  water 
into  glass,  were  actually  made;  while  the  impossible 
values  which  accompany  them,  of  the  refraction  out 
of  water  and  glaM  into  air,  and  out  of  glass  into 
water,  were  calculated,  and  calculated  from  an  errone- 
ous rule.] 

The  principle  Oia.t  a  Ta.-}  -celrwAftSi  Sm.  ^*»a  s«  -^iSia 


DISCOVERT  or  THE  LAW"  OF  REFRACTION.      375 

.  turned  towards  the  perpendicular,  without  knowing 
m  exact  law  of  rf.fraction,  enabled  mathematicians  to 
race  the  eflects  of  transparent  bodies  iu  various  cases. 
'bv»  in  Roger  Bacon's  works  we  find  a.  tolerably  Uis- 
jict  explanation  of  the  effect  of  a  convex  glass;  and 
1  the  work  of  Vitello  the  effect  of  refraction  at  the 
wo  auriacea  of  a  glass  globe  is  clearly  traced. 
Notwithstanding  Alhasen's  assertion  of  the  con^ 
rary,  the  opinion  waa  still  current  among  mathe- 
laticians  that  the  angle  of  refraction  was  pi-oportional 
i  the  angle  of  incidence.  But  when  Kepler's  atten- 
ion  was  drawn  to  the  aubjaat,  he  saw  that  this  was 
laiuly  inconsistent  with  the  observations  of  Vitello 
)r  large  angles;  and  he  convinced  himself  by  his  own 
xperimenta  that  the  true  law  was  something  different 
rom  the  one  commonly  supposed.  The  discovery  of 
his  true  law  excited  in  him  an  eager  curiosity;  and 
his  point  had  the  more  interest  for  him  in  consequence 
if  the  introduction  of  a  correction  for  atmospheric  re- 
action into  astronomical  calcnlations,  which  had  been 
aade  by  Tyeho,  and  of  the  invention  of  the  telescope. 
[n  bia  Sttpplenwitt  to  VileUo,  published  in  1 604,  Kepler 
lUeropts  t«  reduce  to  a  I'ute  the  measured  quantities 
of  refraction.  The  reader  who  recollects  what  we 
iave  already  narrated,  the  manner  in  which  Kepler 
ittempted  to  reduce  to  law  the  astronomical  obser- 
vations of  Tycho, — devising  an  almost  endless  variety 
of  possible  formula,  tracing  their  consequences  with 
undaunted  industry,  and  relating,  with  a  vivacious 
pmdity,  his  disappointments  and  his  hopeB,^will 
not  be  sur|)rii»d  to  find  that  he  proceeded  in  the 
meat  manner  with  regard  to  the  Tables  of  Observed 
Hefractions.  He  tried  a  variety  of  constructions  by 
triangles,  conic  sections,  &o.,  without  being  able  to 
Mtisfy  himself;  and  he  at  last^  is  obliged  to  content 
lunueif  with  an  approximate  rule,  which  makes  the 
irftaction  partly  proportional  to  the  angle  of  incidence, 
uid  partly,  to  the  secant  of  that  angle.  In  this  way 
lie  satisfies  the  observed  refractions  within  a  dilT 


'  ■£..  U.K.  Z^f  o/K,'phr.  p.  I 


k. 


276  HISTORY  OF   OPTICS. 

of  less  than  half  a  degree  each  way.  When  we 
aider  how  aimple  the  law  of  refraction  is,  (that  lh» 
ratio  of  the  sines  of  the  aaglea  of  incidence  and  n- 
&action  is  constant  for  the  »aine  medium,)  it  appean 
Btrange  that  a  person  attempting  to  discover  it,  and 
drawing  triangles  for  the  piu-poae,  should  fail ;  but  this 
lot  of  missing  what  afterwards  seems  to  have  beea 
obvious,  is  a  common  one  in  the  pursuit  of  truth. 

The  person  who  did  discover  the  Law  of  the  Sina, 
was  Willehrord  Snell,  about  1621;  but  the  law  ma 
first  published  bj  Descartes,  who  had  seen  SnelTi 
pajwts.^  Descartes  does  not  acknowledge  this  law  to 
have  been  first  detected  by  another;  and  afl;er  K 
manner,  instead  of  establishing  its  reality  by  refb- 
reiice  to  experiment,  he  pretends  to  prove  &  priori  thtt 
it  must  be  true,*  comparing,  for  this  purpose,  tie  par- 
ticles of  light  to  balls  striking  a  substance  which  a 
Urates  them. 

[and  Ed.]  [Huyglens  says  of  Snell's  papers,  'Qna 
et  nos  vidimus  aliqua.ndo,  et  C&rteaium  quoque  vidiBae 
accepimus,  et  hinc  fortasse  mensuram  illam  q^u: 
sinihus  consistit  elicuerit'  Isaac  Yossius,  Jh  Lveii 
l^aturd  et  ProprielaU,  says  that  he  also  bad  seen  I 
law  in  Snell's  unpublished  optical  Treatise.  The  sc 
writer  says,  'Quod  itaque  (Cartesius)hahet,  refractionmn 
momenta  non  exigendaesse  ad  angulos  sed  ad  liiiesa,id 
tuo  Snellio  acceptum  ferre  debuisset,  cujus  uomen  «m 
»oli/o  dissimulavit.'  '  Cartepius  got  his  law  from  SneQ, 
and  in  hia  vntal  Kay,  concealed  it.' 

Huyghens'  assertion,  that  Snell  did  not  attend  Ui  the 
proportion  of  the  sines,  is  very  captious ;  and  bee 
absurdly  so,  when  it  is  made  to  mean  that  ^nell  did 
not  know  the  law  of  the  sines.  It  is  not  denied  1^ 
Bndl  knew  the  true  law,  or  that  the  true  law  is  the 
law  of  the  sines.  Snell  does  not  use  the  trigonometriol 
term  sine,  but  he  expresses  the  law  in  a  geometrical 
form  more  simply.  Even  if  he  )iad  attended  to  tbe 
law  of  tlie  sines,  he  night  reasonably  have  preferred 
his  own  way  of  stating  it. 
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JameB  Gregory  also  independently  disi;overed  the 
e  law  of  refractiuu  ;  aud,  m  publishing  it,  atatea 
t  he  hiid  learnt  that  it  had  alre^y  been  published 


Jnt  though  Deaoartes  does  not,  in  this  instaoee, 
duce  any  good  claims  to  the  character  of  au  induc- 
)  pliilosopher,  he  showed  oonsiderable  skill  in 
!ing  the  oouseqaencea  of  the  principle  when  once 
pted-  In  particular  we  must  consider  him  as  the 
uine  author  of  the  explanation  of  the  rainbow.  It 
;me  that  Fleisohei'*  and  Kepler  had  previously 
ibed  this  phenomenon  to  the  rays  of  sunlight  which, 
ing  on  drops  of  rain,  are  refracted  into  each  drop, 
acted  at  its  inner  surface,  aud  refracted  out  again  1 
tonio  de  Domiuis  had  found  that  a  glaas  globe 
(rater,  when  placed  in  a  particular  position  with 
>ect  to  the  eye,  exhibited  bright  colours;  aud  had 
oe  explained  the  circular  form  of  the  bow,  which, 
eed,  Aristotle  had  done  before,'  But  none  of  these 
ters  had  shown  why  there  was  a  narrow  bright 
le  of  a  definite  diameter;  for  the  drops  which  send 
R  to  the  eye  after  two  refractions  aud  a  reflection, 
npy  a  much  wider  space  in  the  heavens,  Descartes 
gned  the  reason  for  this  in  the  most  satisfactory 
oner,*  by  showing  that  the  rays  which,  after  two 
■actions  and  a  reflection,  come  to  the  eye  at  an  angle 
ibout  forty-one  degrees  with  their  original  direc- 
],  are  far  more  dense  than  those  in  any  other  posi- 
1.  He  showed,  iu  the  same  manner,  that  the 
stence  and  position  of  the  secondary  bow  resulted 
m  the  same  laws.  This  is  the  complete  and  adequate 
ount  of  the  state  of  things,  so  far  as  the  brightness 
ihe  bows  only  is  coucerned;  the  explanation  of  the 
jnrs  belongs  to  the  next  article  of  our  survey. 
Che  explanation  of  the  rainbow  and  of  its  magni- 
le,  afforded  by  Snell's  law  of  sines,  was  perhaps  one 
the  leading  points  in  the  verification  of  the  law. 
;  principle,  being  once  established,  was  applied,  by 
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the  aid  of  matbemHtical  reasoning,  to  atmospheiie  ' 
refractions,  optical  instruments,  dia^MtiHie  curves,  (that 
ia,  the  curves  of  inteDse  light  produced  by  refhiction,) 
and  to  v&rious  other  cases ;  and  was,  uf  course,  tested 
and  confirmed  hj  sncli  applications.  It  waa,  however, 
irapoeeible  t«  pursue  these  applications  &r,  without  a 
due  knowledge  of  the  laws  by  which,  in  such  cases, 
colours  are  produced.     To  these  we  now  proceed, 

[and  Ed.]     [I  have  omitted  many  interesting  parts 
of  the  history  of  Optica  about  this  period,  because  I 
■was  concerued  with   the  iticbutive  discovery  of  law^ 
rather  than  with  mathematical  deditctiona  from  sanh 
laws  when  established,  or  apjAiealiimg  of  them  in  the 
form  of  inatjiiments.     I  might  otherwise  have  noticed 
the  discovery  of  Spectacle  Glasses,  of  the  Telescope, 
of  the  Microecope,  of  the  Camera  Obscura,  and  die 
mathematical  explan&tion  of  these  and  other  pheno- 
mena, as  given  by  Kepler  and  others.     I  might  also 
have  noticed  the  progress  of  knowledge  respecting  the 
Eye  and  Vision.    We  have  seen  that  Alhazen  described   | 
the  structure  of  the  eye.     The  operation  of  the  pi 
wasgradually  made  out.      Baptista  Porta  compares  $ 
eye  to  his  Camera  Obseiira  {Magia  Naturalit,  rSIJ 
Scheiner,  in  his  Ocuha,  published  1652,  completed  fl 
Theory  of  the  Eye.    And  Kepler  discussed  aomeofthe   I 
questions  even  now  often  agitated ;  as  the  causee  uid 
conditions  of  our  seeing  objects  single  with  two  e^    , 
and  erect  with  inverted  images.] 


CHAPTER  in. 

T  OF  THE  Law  or  Dispersion  by 
Kefraction. 

■AELY  attempts  were  made  to  account  for  the 
I  colouTB  of  the  raiabow,  and  various  otter 
inomeoa  in  which  colours  are  seen  to  arise  from 
Qflient  and  unaubatantial  combinations  of  media, 
us  Aristotle  explains  the  colours  of  the  rainlww 
Enippoaing'  that  it  is  light  seen  through  a  dark 
iium.;  'Now,'  Bays  ho,  'the  bright  seen  through. 
dark  appears  red,  as,  for  instance,  the  fire  of 
en  wood  seen  through  the  smoke,  and  the  snn 
ough  raiat.  Also^  the  weaker  is  the  Ught,  or  the 
ual  power,  and  the  nearer  the  colour  approaches  to 

I  black;  becoming  firat  red,  then  green,  then 
T)le.  But*  the  vision  is  strongest  in  the  outer 
ae,  because    the   peri[)hery  is   greater; — thus  we 

II  have  a  gradation  from  red,  through  green,  to 
rple,  ID  passing  from  the  outer  to  the  inner  circle.' 
ia  account  would  hardly  have  deserved  much 
lice,  if  it  had  not  been  for  a  strange  attempt  to 
ive  it,  or  something  very  like  it,  in  modern  times, 
e  same  doctrine  ia  found  in  the  work  of  Da 
iniinis.*     According  to  him,  light  is  white;  but  if 

mix  with  the  light  something  dark,  the  coloura 
M, — first  red,  then  green,  then  blue  or  violet.  He 
llies  this  to  explain  the  colours  of  the  rainbow,'  by 
aos  of  the  consideration  that,  of  the  rays  which 
ae  to  the  eye  from  the  globes  of  water,  some  go 
ough  a  larger  thickness  of  the  globe  than  others, 
Mice  he  obtains  the  gradation  of  colours  just 
cribed. 
Descartes  came  far  nearer  the  true  philosophy  of 

Jftteor.  iU.  J,  p.  37J.  '  tb.  p,  374-  '  >li.  p.  37i- 

'  C»p.iii.  p.  9.     See  »l»o  GWhE,  Farbenl.  ml.  U,  p.  jJi, 
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the  iridal  colours.  Ke  found  th&t  a  similar  aeriea 
colours  was  produced  by  refraction,  of  light  boiint 
by  shade,  through  a  prism;*  and  he  rightly  infer 
that  neither  the  curvatnre  of  the  surface  of  the  dn 
of  water,  nor  the  reflection,  nor  the  repetition  of 
fraction,  were  necessary  to  the  generatioa  of  m 
colours.  In  further  examining  the  course  of  the  nj 
lie  approaches  very  near  to  the  true  conception  of 
case;  and  we  are  led  to  helieve  that  he  might  bl 
anticipated  Newton  in  his  discoveiy  of  the  uaetf 
refrangibility  of  different  colours,  if  it  had  been  [ 
sible  for  him  to  reason  any  otherwise  thaa  in  ' 
temjB  and  notions  of  his  preconceived  hypothes 
The  conclusion  which  he  draws  ia,T  that  '  the  partic 
of  the  auhtile  matter  which  transmit  the  action 
light,  endeavour  to  rotate  with  ao  great  a  force  a 
impetus,  that  they  cannot  move  in  a  straight  U 
(whence  comes  refraction) :  and  that  those 
which  endeavour  to  revolve  much  more  strongly 
duce  a  red  colour,  those  which  endeavour  to  move  i 
a  little  more  strongly  produce  yellow.'  Here  we  IiH 
a  clear  perception  that  colours  and  unequal 
tion  are  connected,  thoiigh  the  cause  of  refraction 
expressed  by  a  gratuitous  hypothesis.  And  we  id 
add,  that  he  applies  this  notion  rightly,  so  &r  as 
explains  himself,"  to  account  for  the  colours  of  t 
rainbow. 

It  appears  to  me  that  Newton  and  others  have  dc 
Deecartes  injustice,  in  ascribing  to  De  Uomisial 
true  theory  of  the  rainbow.    There  are  two  main  poll 
of  this  theory,   namely,   the  showing  that  a 
circular  band,  of  a  cei-tain  definite  diameter, 
from  the  great  intensity  of  the  light  returned 
certain  angle;  and  the  referring  the  different  oc 
to  the   different  qu.antity  of  tJte  refraction;  and  b 
these  steiis  appear  indubitably  to  be  the  disooverieB 
Descartes.     And  he  informs  us  that  these  discover! 
were  not  made  without   some  exertion    of  thong 
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*At  first,'  he  pays'  'I  doubted  whether  the  iridal 
coloors  were  produced  in  the  same  way  as  those  in  the 
prism;  but,  at  Jast,  taking  ray  pen,  and  carefully 
calculating  the  course  of  the  rays  which  faJl  on  each 
part  of  the  drop,  I  found  that  many  more  come  at  an 
angle  of  forty-one  degrees,  than  either  at  a  greater  or 
a  less  angle.  So  that  there  ia  a  bright  bow  terminated 
\iy  a  shade;  and  hence  the  colours  are  the  same  aa 
produced  through  a  prism.' 
i  Bubject  was  left  nearly  in  the  same  state,  in  the 
of  Grimaldi,  Phyeieo-Maiheaia,  de  Lumine,  Colo- 
et  Iride,  published  at  Bologna  in  i66g.  There  is 
in  this  work  a  constant  reference  to  numerous  experi- 
tuents,  and  a  systematic  exposition  of  the  science  111  an 
improved  state.  The  authors  calculations  concerning 
the  rainbow  are  put  in  the  eame  form  as  those  of 
Descartes;  but  he  ia  further  from  seizing  the  true 
principle  on  which  its  coloration  depends.  He  rightly 
groups  together  a  number  of  experiments  in  which 
colours  arise  fi-om  reiraction ; '"  and  explains  them  by 
saying  that  the  colour  is  brighter  where  the  light  is 
dcmaer :  and  the  light  is  denser  on  the  side  from  which 
the  refraction  turns  the  ray,  because  the  increments 
of  re&action  are  greater  in  the  rays  that  are  more 
inclined. '^'-  This  way  of  ti-eating  the  question  might 
be  made  to  give  a  sort  of  explanation  of  most  of  the 
&cts,  but  is  much  more  en'oueous  than  a  developement 
of  Descartea's  view  would  have  been. 

At  length,  in  167s,  Newton  gave^^  the  true  expla^ 
nation  of  the  facts;  namely,  that  light  consists  of  rays 
of  different  colours  and  different  refrangibility.  This 
now  appeals  to  us  so  obvious  a  mode  of  interpreting 
the  phenomena,  that  we  can  hardly  understand  how 
thqr  can  be  conceived  in  any  other  manner;  but  yet 
the  impression  which  this  discovery  made,  both  upon 
Newton  and  upon  his  contemporaries,  shows  how 
remote  it  was  from  the  then  accepted  opinions.  There 
appears  to  have  been  a  general  persuasion  that  the 

s  Stct.  is.  p.  193.  '"  Trap.  35.  p.  i54.  "  V 
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colontion  was  produced,  not  by  any  peculiarity  in  the 
law  of  refraction  itsell^  but  by  Bome  collateral  circam- 
stance, — some  dispersion  or  yariation  of  deusity  of  the 
light,  in  addition  to  the  refraction.  Newton's  dia- 
oovery  consisted  in  teaching  distinctly  that  the  law  of 
refraction  was  to  oe  applied,  not  to  the  beam  of  liglit 
in  general,  but  to  the  coloora  in  particular. 

When  Newton  produced  a  bright  apot  on  the  wall 
of  his  chamber,  by  admitting  the  sun's  li^t  t^irough  i 
smdll  hole  in  his  window-shutter,  and  making  it  paeg 
through  a  prism,  he  expected  the  image  to  be  round; 
which,  of  course,  it  would  have  been,  if  the  colours  Lad 
been  produced  by  an  equal  dispersion  in  all  directione; 
but  to  his  surprize  he  saw  the  iraage,  or  spectrum,  fire 
times  as  long  as  it  was  broad.  He  found  that  no  con- 
sideration of  the  diffet^nt  thickness  of  the  glass,  the  pos- 
sible uneTennessof  ita  surface,  oi  the  different  anglaaof 
rays  proceeding  from  the  two  aides  of  the  sun,  could 
be  the  cause  of  this  ehapa  Ho  found,  also,  that  the 
rays  did  not  go  from  the  prism  to  the  image  in  cnrrea; 
he  was  then  convinced  that  the  different  colours  were 
refracted  separately,  and  at  different  angles;  and  be 
condrmed  this  opinion  by  transmittiug  and  refi'actiog 
the  rays  of  each  colour  separately. 

The  experiments  are  so  easy  and  common,  and 
Newton's  interpretation  of  them  so  simple  and  evi- 
dent, that  wo  might  have  expected  it  to  receive 
general  assent;  indeed,  as  we  have  shown,  Descartes 
had  already  been  led  very  near  the  same  point  In 
feet,  Newton's  opinions  wei-e  not  long  in  obtaining 
general  acceptance ;  but  they  met  with  enough  of  cavil  I 
and  misapprehension  to  annoy  extremely  the  difl- 
ooverer,  whose  clear  views  and  quiet  temper  made  him 
impatient  alike  of  stupidity  and  of  contentiousness. 

We  need  not  dwell  long  on  the  early  objections 
which  were  made  to  Newton's  doctrine.  A  Jesuit,  of 
the  name  of  Ignatius  Pardiea,  professor  at  Ciermont, 
at  first  attempted  to  account  for  the  elongation  of  the 
image,  by  the  difference  of  the  angles  made  by  the 
1-aya  from  the  two  ei^ea  <rf  \\y^  sun,  which  would 
produce  a  diCereuce  \ii  \)ne  awi.wBAtoi-tsSiaji'C-isi'iiiS.'vfifi. 
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two  borders;  but  when  Newton  pointed  out  the  eal- 
culationa  which  allowed  the  inBufficiaiioy  of  this  expla- 
nation, he  withdrew  his  oppoaLtion.  Another  more 
pertinacious  opponent  appeared  in  Francis  Linus,  a, 
physician  of  Liege;  who  maintained,  that  having  tried 
the  eiperiment,  he  found  the  sun's  image,  when  the 
sky  was  clear,  to  be  round  and  not  oblong;  and  he 
ascribed  the  elongation  noticed  by  Newton,  to  the 
efl'ect  of  clouds.  Newton  for  some  time  refused  to 
reply  to  tliia  contradiction  of  his  assertions,  though 
olHitiiiately  persisted  in ;  and  his  answer  was  at  last 
sent,  juat  about  the  time  of  Linus's  death,  in  1675, 
But  Gascoigne,  a  Iriend  of  Liiina,  still  maintained  that 
he  and  others  hud  seen  what  the  Duteh  physician  had 
desoribed;  and  Newton,  who  waa  pleased  with  the 
candour  of  Gascoigne's  letter,  suggested  that  the  Dutch 
experimenters  might  have  taken  one  of  t)ie  images 
reflected  from  the  surfaces  of  the  prism,  of  which  there 
are  several,  instead  of  the  proper  refracted  one.  By 
the  aid  of  this  hint,  Lucas  of  Liege  repeated  Newton'a 
experiments,  and  obtaioed  Newton's  result,  except 
that  he  never  could  obtain  a  spectrum  whose  length 
was  m.ore  tlian  three  and  a  half  times  its  breadth. 
Newton,  on  his  side,  persisted  in  asserting  that  the 
im^e  would  be  Htb  times  as  long  aa  it  was  broad,  if  the 
experiment  were  properly  made.  It  is  curious  that  he 
should  have  been  so  confident  of  this,  aa  to  concei^'e 
himself  certain  that  such  would  be  the  result  in  all 
caaea.  We  now  know  that  the  dispersion,  and  con- 
sequently the  length,  of  the  spectrum,  is  very  different 
for  different  kinds  of  glass,  and  it  is  veiy  probable 
that  the  Dutch  prism  was  really  less  dispersive  than 
the  English  one.'*  The  erroneous  assumption  which 
Kewton  made  in  this  instance,  he  held  by  to  the  last ; 
and  was  thus  prevented  from  making  the  discovery  of 
which  we  have  next  to  speak. 

Newton  was  attacked  by  persons  of  more  importance 
than  those  we  have  yet  mentioned;  namely,  Hooke 
and  HuygheuB.     These  philosophers,  however,  did  not 
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oliject  BO  much  to  the  lawa  of  re&uction  of  different  \ 
colours,   as   to   some    expresuiona   useil   by   Hewton, 
which,  they  conceived,  conveyed  false  notions  respect- 
ing the  composition  and  nature  of  light.     Newton  had 
assei-ted  that  all  the  different  colours  are  of  distinct 
kinds,  and  that,  by  their  composition,  they  form  whits 
light.     This  is  true  of  colours  as  &r  as  their  analpis 
and  composition    by    refraetion   are   concerned;   bnt 
Hooke  niaiutaiced  that  all  natural  colours 
duced  by  Tarioua  combinations  of  two  primary  one^    1 
red  and  violet;'*  and Huygheus  held  a  similar  doctrine  J 
taking,  however,  yellow  and  blue  for  hia  basis.  Hewton  I 
answers,  that  such  compositions  as  they  speak  of,  ug  I 
not  compositions  of  simple  colours  in  his  sense  of  tl)t  [ 
expresaions.     These  writers  also  had  both  of  than   ] 
adopted  an  opinion  that  light  consisted  in  vibrationaj 
and  objected  to  Newton  that  his  language  was  emv 
neous,  as  involving  the  hypothesis  that  light  was  a 
body.     Newton  appears  to  have  tad  a  horrour  of  the 
word  kypollteais,  and  protfiSts  against  its  he 
posed  that  his  '  tbcoiy'  rests  on  such  a  foundation. 

The  doctrine  of  the  unequal  refrangibility  of  difo  | 
rent  rays  is  clearly  exempMed  in  the  effects  of  lenao^  1 
which    produce    images   more   or   less   bordered  wift,  J 
colour,  ia  consequence  of  this  property.    The  improTO 
ment  of  telescopes  wbs,  in  Newton's  time,  the  gnaiti4 
]iractical  motive  for  aiming  at  the  improvement  rf'  | 
theoretical   optics.      Newton's    theory    showed   why 
telescojies  were  imperfect,  namely,  in  consequence  of  the 
different  refraction  of  different  colours,  which  produces 
a  e/iromatie  aberration ;  and  the  theoiy  was  confirmed    ^ 
by  the  circumstances  of  such  im]>erfections. 
&Ise  opinion  of  which  we  have  already  spoken,  tl 
the  di^ndon  must  be  the  same 
is  the  same,  led  him  to  believe  that  the  imperfedJoB 
was  insurmountable, — that  aeltromatie  refraction  conld 
not  be  obtained;  and  this  view  made  him  turn  his 
attention  to  the  conatToction  of  reflecting  instead  of 
refracting  telescopes.  But  the  rectification  of  Newton'f  J 
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errour  was  a  fiirther  confirmation  of  the  general  truth 
of  his  principles  in  other  respects;  and  since  that 
time,  the  sonndneas  of  the  Newtonian  law  of  refrac- 
tion has  bardlj  been  questioned  among  physical 
philosophers. 

It  has,  however,  in  modem  times,  been  Tery  vehe- 
m^ttly  controverted  in  a  quarter  from  which  we  might 
not  readilr  have  expected  a  detailed  diaciissioii  on 
such  a  subject.  The  celebrated  Giithe  has  written 
a,  work  oa  The  Doctrine  of  Colours,  {Farbenlehre ; 
Tiibingen,  1810,)  one  main  purpose  of  which  is,  to 
represent  Newton's  opinions,  and  the  work  in  which 
they  are  formally  published,  (Iiis  Oplieki,)  as  ntterlv 
false  and  mistaken,  and  capable  of  being  assented  to 
only  by  the  most  blind  and  obstinate  prejudice.  Those 
who  are  acquaiuted  with  the  extent  to  which  such  an 
opinion,  promulgated  by  Gothe,  was  likely  to  be  widely 
adopted  in  Germany,  will  not  be  surprized  that  aioiilar 
language  is  used  by  other  writers  of  that  nation.  Thus 
Schelling''  says, '  Newton's  Opiic/u  is  the  greatest  proof 
of  theposiubility  of  a  whole  structure  of  faUacies,  which, 
in  all  its  parts,  la  founded  upon  observation  and  experi- 
ment.' Giithe,  however,  does  not  concede  even  so  much 
to  Newton's  work.  He  goes  over  a  large  portion  of  it, 
page  by  page,  quarrelling  with  the  experiments,  dia- 
grams, reasoning,  and  language,  without  intermission ; 
and  holds  that  it  is  not  reconcileable  with  the  most 
simple  &cts.  He  declares,'"  that  the  first  time  he 
looked  through  a  prism,  he  saw  the  white  walla  of  the 
room  still  look  white, '  and  though  alone,  I  pronounced, 
as  by  an  instinct,  that  the  Newtonian  doctrine  is  false.' 
We  need  not  here  point  out  how  inconsistent  with 
the  Newtonian  doctrine  it  was,  to  expect,  as  Gothe 
expected,  that  the  wall  Bhould  be  all  over  coloured 
various  colours. 

Obthe  not  only  adopted  and  strenuously  maintained 
the  opinion  that  the  Newtonian  theory  was  false,  but 
he  £i4med  a  system  of  his  own  to  explain  the  pheno- 
mena of  colour.     As  a  matter  of  curiosity,  it   may  be 
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■worth  our  while  to  etate  the  nature  of  this  aystem; 
although  undoubtedly  it  forma  no  part  of  the  prograu 
of  physical  acienea  GiJthe's  yiewa  are,  in  fact,  i  jttle  dif- 
ferent from  those  of  Aristotle  and  Antonio  de  Dominis, 
though  more  completely  and  systematically  developed. 
According  to  him,  colours  arise  when  we  see  through  a 
dim  medium  ('  ein  triihes  mittel').  Light  in  itedf  k 
eoIonvleBs;  but  if  it  be  seen  through  a.  somewhat  dim 
medium,  it  appears  yellow;  if  the  dimness  of  the 
medium  increases,  or  if  its  depth  be  augmented,  we 
Bee  the  light  gradually  aaaume  a  yellow-red  colour, 
which  finally  is  heightened  to  a  ruby-red.  On  the 
other  hand,  if  dai'kness  is  seen  through  a  dim  medium 
which  is  illuminated  hy  a  light  falling  on  it,  ahlue 
colour  is  seen,  which  becomes  dearer  and  paler,  the 
more  the  dimness  of  the  medium  increases,  and  darker 
and  fiiller,  as  the  medium  becomes  more  transparent; 
and  when  we  come  to  '  the  smallest  degree  of  the 
purest  dimness,'  we  see  the  moat  perfect  violeL^^  In 
addition  to  this  '  doctrine  of  the  dim  medimn,'  we 
have  a  second  principle  asserted  concerning  refraction. 
In  a  vast  variety  of  oases,  images  are  accompanied  by 
'  aocessory  images,"  as  when  we  see  bright  ohjects  in  a 
looking-glaaB,^*  Now,  when  an  image  is  displaced  by 
refraction,  the  displaxement  is  not  complete,  clew 
and  shaqi,  but  incomplete,  so  that  there  is  an  acoeasorj 
image  along  with  the  principal  one.''  From  these 
principles,  the  colours  produced  by  refraction  in  the 
im:^  of  a  bright  object  on  a  dark  ground,  are  at 
once  derivable.  The  aeeeasory  image  is  seraitrauB- 
parent;^"  and  hence  that  border  of  it  which  is  pushed 
forwards,  is  drawn  from  the  dark  over  the  bright,  and 
there  the  yellow  appears;  on  the  other  hand,  where 
the  clear  border  laps  over  the  dark  ground,  tjio  hlne 
is  seen;''  and  hence  we  easily  see  that  the  image  mud 
appear  red  and  yellow  at  one  end,  and  blue  aud 
at  the  other. 

We  need  not  explain  this  system  further. 
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to  show  how  vague  and  loose,  as  well  aa  baseless,  tire 
the  notions  and  modes  of  conception  whiah  it  intro- 
duces. Perhaps  it  is  not  difficult  to  point  out  the 
peculiarities  in  Gcithe's  inteUectual  character  which 
led  to  his  singularly  nnjjhilosophical  -riews  on  this 
flabject.  One  important  circu  mataDce  is,  that  he 
appe&ra,  like  many  persons  in  whom  the  poetical 
imagination  is  very  active,  to  have  been  destitute  of 
the  talent  and  the  habit  of  geometrical  thought. 
In  all  probability,  he  never  appi-ehended  clearly  and 
steadily  those  relations  of  position  on  which  the 
Newtonian  doctrine  depends.  Another  oanae  of  his 
inability  to  accept  the  doctrine  probftbly  wtus,  that  he 
had  conceived  the  '  composition'  of  colours  in  some 
way  altogether  different  from  that  which  Newton 
understands  by  composition.  What  Gothe  expected 
to  see,  we  cannot  clearly  cotlectj  but  we  know,  from 
Lis  own  statement,  that  his  intention  of  experiment- 
ing with  a  prism  arose  from  his  speculations  on  the 
roles  of  colouring  in  pictures;  and  we  can  easily  see 
that  any  notion  of  the  corapoation  of  colours  which 
ench  researches  would  BUggeat,  would  require  to  be 
laid  a^de,  before  he  could  understand  Newton's  theory 
of  the  composition  of  light. 

Other  objections  to  Newton's  theory,  of  a  Hnd  very 
different,  have  been  recently  made  by  that  eminent 
master  of  optical  science,  Sir  David  Brewster.  He 
contests  Newton'e  opinion,  that  the  coloured  rays  into 
which  light  is  separated  by  refraction  are  altogether 
simple  and  homogeneous,  and  incapable  of  being 
fiirther  analysed  or  modified.  For  he  finds  that  by 
passing  siich  rays  through  coloured  media  (as  blue 
glass  for  instance),  they  are  not  only  absorbed  and 
transmitted  in  very  various  degrees,  but  that  some 
of  them  have  their  colour  altered;  which  effect  he 
conceives  as  a  further  analysis  of  the  rays,  one  com- 
ponent colour  being  absorbed  and  the  other  trans- 
mitted.^ And  on  this  subject  we  can  only  say,  as  we 
luire  before  said,  that  Newton  has   incontestably  and 

r,  been   denied  l)y  oltai  expm- 
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completely  establishetl  his  doctrine,  so  for  as  analysis 
and  decomposition  by  refraclion  are  concerned;  but 
that  with  regard  to  a,ny  other  analysis,  which  absorb- 
ing media  or  other  agents  may  produce,  we  have  in 
right  from  his  experiments  to  assert,  that  the  coIdoie 
of  the  Bpectrum  are  incapable  of  bvc/i  decoDipositiaiL 
The  whole  suhject  of  the  coloura  of  objects,  both 
opake  and  transparent,  is  still  in  obscurity.  Newton's 
conjectures  couceming  the  causes  of  the  colours  of 
natural  bodies,  appear  to  help  us  little;  and  his 
opinions  on  that  subject  are  to  be  separated  altogeUier 
from  the  important  step  which  he  made  in  optical 
science,  by  the  establishment  of  the  true  doctrine  of 
refractive  disperaion. 

[and  Ed.]  [After  a  careful  re-consideration  of  Sir 
D.  Brewster's  asserted  analysis  of  the  solar  light  into 
three  colours  by  means  of  absorbing  media,  I  caoDoi 
consider  that  he  has  established  hb  point  as  an  esception 
to  Newton's  doctrine.  In  the  first  place,  the  analpia 
of  light  into  (iree  colours  appears  to  ma  quite  arbitrary, 
granting  all  his  experimental  facts.  I  do  not  see  why, 
using  other  media,  he  might  not  just  as  well  h&ie 
obtained  other  elementary  colours.  In  the  next  plnce, 
this  cannot  he  called  an  analysis  in  the  same  sense 
as  Newton's  analysis,  except  the  relation  between 
the  two  is  shown.  la  it  meant  that  Newton's  experi- 
ments prove  nothing?  Or  is  Newton's  conclusion 
allowed  to  be  true  of  1  ight  which  has  not  been  analysed 
by  absorption )  And  where  are  we  to  find  such  light, 
since  the  atmosphere  absorbs!  But,  I  must  add,  in 
the  third  place,  that  with  a  very  sincere  admiratioa 
of  Sir  D.  Brewster's  skill  as  an  experimenter,  I  think 
his  experiment  requires,  not  only  limitation,  but 
confirmation  by  other  experimenters.  Mr.  Airy  re- 
peated the  experiments  with  about  thirty  different 
absorbing  substances,  and  could  not  satisfy  himself  that 
in  any  case  they  changed  the  colour  of  a  ray  of  given 
refractive  power.  These  experiments  were  described 
by  him  at  a  meeting  of  the  Cambridge  Philosophical 
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THE  diacovery  that  the  laws  of  refractive  dispuraion 
of  different  subataaoea  were  such  an  to  allow  of 
combifflfttiona  which  neuti-alized  the  diapersion  without 
neutralizing  the  reiractton,  is  one  which  has  hitherto 
beeu  of  more  valae  to  art  than  to  science.  The  pro- 
perty has  no  definite  bearing,  which  has  yet  been 
aati^ctorily  explained,  upon  the  tlieory  of  light;  bat 
it  is  of  the  greatest  importance  in  its  applicotion 
to  the  conatraction  of  telescopes ;  and  it  excited  the 
more  notice,  in  consequence  of  the  prejudices  and 
difficulties  which  for  a  time  retarded  the  discovery. 

Newton  conceived  that  he  had  proved  by  experi- 
ment,^ that  light  is  wliite  after  refraction,  when  the 
emergent  rays  are  parallel  to  the  incident,  and  in  no 
other  case.  If  this  were  ao,  the  production  of  colour- 
less images  by  refracting  media  would  be  impossible; 
and  snch,  in  deterence  to  Newton's  great  authority, 
was  for  some  time  the  generttl  persuasion.  Euler^ 
observed,  that  a  combination  of  lenses  which  does  not 
colour  the  image  must  be  possible,  since  we  have  an 
example  of  such  a  combination  in  the  human  eye;  and 
lie  investigated  mathematically  the  conditions  requi- 
site for  such  a  reaidt.  KUngenstierna,^  a  Swedish 
mathematician,  also  showed  that  Newtoit'a  rule  could 
not  be  universally  true.  Finally,  John  Dollond,*  in 
1757,  repeated  Newton's  experiment,  and  obtained  an 
opposite  result.  He  found  that  when  an  object  was 
Been  through  two  prisma,  one  of  glass  and  one  of  water, 
of  such,  angles  that  it  did  not  appear  displaced  by  refrac- 
tion, it  was  coloured.  Hence  it  followed  that,  without 
being  coloured,  the  rays  might   be  made  to  undergo 
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;    and    that  thus,   substituting  lenae 
combination  migbt  be  formed,  whicli  si 
prodace  an.  image  without  coloiuing  it,  and  make  tbe 
construction  of  an  achroimtiie  telescope  poaaible. 

Eiilcr   at    first    Leaitated    to    confide   in    DoWoa 
experioienta;  but  be  was  assured  of  their  oorreoti 
hy  Clairaut,  who  bad  throughout  paid  great  attenl 
to  the  subject;  tmd  those  two  great  matbemalatM 
as  well  aa  U'Alombert,  proceeded  to  investigate 
tbematical    formula    which  might    be    useful  ii 
application   of  the   discovery.     The  I'emainder  of 
deductions,   which   were   founded  upon   the  laws 
dispersiou    of  various  refi'active   substauces,  bele 
rather  to  the  history  of  art  than  of  science.     Sell 
uaed  at  first,  for  his  achruustic  object-glass,  a  lenl 
crown-glass,  and  one  of  flint-glasa.     He  afberwi 
employed  two  lenses  of  the  former  substance,  inclad 
between  them  one  of  the  latter,  adjusting  the  c 
tures  of  his  lenses  in   such  a  way  as  to  conw 
imperfections  arising  from  the  spherical  form  of 
glasses,  as  well  as  the  fault  of  colour.    Afterws 
Blair  used  fiuid  media  along  with  glass  lensee, 
order  to  produce  improved  objeot^glasses.     This 
more  recently  been  done   in  another  form  bj  ] 
Barlow.     The  inductive  laws  of  refraction  beii^  o 
bliBhed,  their  results  have  been  deduced  by  Tarii 
mathematicians,  as  Sir  J.  Hersehel  and  Professor  A 
among  ourselves,  who  have  simplified  and  extended 
investigation   of  the   formulae  which   detennine 
best  combinations  of  lenses  in  the  object-glasMi  i 
eye-glasses  of  telescopes,  both  with  reference  to  q 
lical  and  to  e/iromatic  aberrations. 

According  to  Dolloud's  discovery,  the  coloured  b[ 
produced  by  prisms  of  two  substances,  as  fljnt-glaai 
crown-glass,  would  be  of  the  same  length  when 
refractiou  was  different.  But  a  question  tJien  occnrTI 
"When  the  whole  distance  from  the  ted  to  the  violet 
one  spectrum  was  the  aame  as  the  whole  distaaofrl 
tlio  other,  were  the  intermediate  colours,  yello' 
Ac.  in  corresponding  \i\wcea  ui  the  two  ?  This  p 
alao  could  not  be  Aatetoii'oei  o.wj  uCcKr^A^y 
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experiment.  It  appeared  that  eucli  a  correspondence 
did  not  exist;  aod,  therefore,  when  the  extreme 
colours  were  corrected  by  combinHtions  of  the  dif- 
ferent media,  there  still  reniaiuod  an  uncorrected 
residue  of  colour  arising  irom  the  rest  of  the  spectrum. 
This  defect  was  a  consequence  of  the  property,  that 
the  spectra  belonging  to  different  media  were  uot 
divided  in  the  same  ratio  by  the  same  coioura,  and 
■was  hence  termed  the  vrTiUionail.ity  of  the  Bpectrum. 
By  using  three  prisms,  or  three  lenses,  three  colours 
may  be  made  to  coincide  instead  of  two,  aud  the 
eSectH  of  this  irrationality  greatly  diminished. 

For  the  reasons  already  mentioned,  we  do  not  pursue 
this  subject  further,^  but  turn  to  those  optical  facts 
which  finally  led  to  a  great  and  comprehoiiitiv-e  theory, 

[and  Ed.]  [Mr.  Chester  More  HaU,  of  More  Hall, 
in  Essex,  is  said  to  have  beeu  led  hy  the  study  of  the 
human  eye,  which  he  conceived  to  be  achromatic,  to 
construct  achromatic  telescopes  as  early  as  1729.  Mr. 
Hall,  however,  kept  his  invention  a  secret.  David 
Gregory,  in  hia  Catoptrica  (1713},  had  suggested  that 
it  would  perhaps  be  an  improvement  of  telescopes,  if, 
in  imitaition  of  the  human  eye,  the  object-glass  were 
oompoBed  of  different  media.     Encyc.  Brit.  Kvi.  Optics. 

It  is  said  that  Clairaut  first  discovered  the  irration- 
ality of  the  coloured  spaces  in  tlie  spectrum.  Tu  con- 
sequence of  this  irrationality,  it  follows  tliat  when  two 
refracting  media  are  so  combined  as  to  correct  each 
oUier'a  extreme  diBpersion,  (the  separation  of  the  red 
and  violet  rays,)  this  first  step  of  correctiun  still  leaves 
a  residue  of  coloration,  arising  from  the  unequal 
dispersion  of  the  intermediate  rays  (the  green,  dec.) 
These  ovlglandivg  colours,  as  they  were  termed  by 
Professor  Robison,  form  the  residual,  or  secortdary 
spectrum. 

Dr.  Blair,  by  very  ingenious  devices,  succeeded  in 

•  TbBiilseoTny  ofthejIwdZiBMlnlheapeulrom.by  Wolliutoa  aiifl 
Frannliarer,  has  tnore  rrceiiily  Bupplird  tlie  mcitni  of  di^UrmlDi^:)!, 
wirh  extrniBB  amancy,  the  correapunding  porUons  oI(\i6  ti(««Uil.n  Sa 
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producing  an  object-glass,  corrected  by  a  fluid  lens,  in 
which  this  aberration  of  colour  was  completely  cor- 
rected, and  which  performed  wonderfully  welL 

The  dispersion  produced  by  a  prism  may  be  cor- 
rected by  another  prism  of  the  same  svhstance  and  of 
a  different  angle.  In  this  case  also  there  is  an  irra- 
tionality in  the  coloured  spaces,  which  prevents  the 
correction  of  colour  from  being  complete;  and  hence, 
a  new  residuary  spectrum,  which  has  been  called  the 
tertiary  spectrum,  by  Sir  David  Brewster,  who  first 
noticed  it. 

I  have  omitted,  in  the  notice  of  discoveries  respecting 
the  spectrum,  many  remarkable  trains  of  experimental 
research,  and  especially  the  investigations  respecting 
the  power  of  various  media  to  absorb  the  light  of 
different  parts  of  the  spectrum,  prosecuted  by  Sir 
David  Brewster  with  extraordinary  skill  and  sagacity. 
These  observations  are  referred  to  in  chap.  iiL  Sir 
John  Herschel,  Prof.  Miller,  Mr.  Daniel,  Dr.  Faraday, 
and  Mr.  Talbot,  have  also  contributed  to  this  part  of 
our  knowledge.] 


CHAPTER  V. 
DiSCOVEBY  OF  THE  LawB  OF  DOUBLE  Refiiaction. 

rHE  laws  of  refi-action  which  we  liave  hitherto 
described,  were  aimple  and  uniform,  and.  had  a, 
rniraetrical  reference  to  the  eurface  of  the  refmcting 
icdlnm.  It  appeared  strange  to  men,  whea  their 
btention  was  drawn  to  a  class  of  phenomena  la  whick 
lis  eytnsietry  was  wantiog.  and  in  which  a  refraction 
>ok  place  which  was  not  even  in  the  plane  of  inci- 
eace.  The  subject  was  not  unworthy  the  notice  and 
Jiniration  it  attracted;  for  the  pi-oaeoution  of  it 
ided  in  the  discovery  of  the  general  laws  of  light. 
he  phenomena  of  which  I  now  speak,  are  those 
chibited  by  various  kinds  of  crystalline  bodies;  but 
uaerved  for  a  long  time  in  oue  kind  only,  namely,  the 
lombohedral  calo-spar;  or,  aa  it  was  usually  termed, 
■ora  the  country  which  supplied  the  largest  and 
earest  cryataJs,  Iceland  spar.  lliesG  rhomhoheJral 
'ystala  are  usuaUy  very  smooth  and  transparent,  and 
ften  of  considerable  size;  and  it  was  observed,  on 
►otiiig  through  them,  that  all  objects  appeared  donhla 
he  phenomena,  even  as  early  as  1669,  had  been  oon- 
dered  so  curious,  that  Erasmus  Bartholin  published 

work  upon  them  at  Copenhagen,"-  {Exjmrimenta 
'rygtalli  Inlajidici,  Hafniie,  1669.)  He  analysed  the 
henomena  into  their  laws,  so  far  as  to  discover  that 
1e  of  the  two  images  was  produced  by  refraction 
fter  the  usual  rule,  and  the  other  by  an  unusual 
Hfr-action.  Tiiis  latter  refraction  Bartholin  found  to 
■My  in  dilTerent  positions;  to  be  regulated  by  a  line 
Wwille!  to  the  aides  of  the  rhombohedron ;  and  to  be 
E'eatest  in  the  direction  qf  a  line  bisecting  two  of  the 
iQgles  of  the  rhombic  face  of  the  crystal. 

These  rules  were  exact  as  far  as  tlieywent;  and 
when  we  consider  how  geometrically  comjilex  the  law 
^  really  regulates  the  unusual  or  extraordinary 
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refi-acfcionj — tliat  Newton  altogether  mistook  i 
tliftt  it  was  nnt  verified  till  the  esperiments  of  Haii^ 
and  WoUastoa  in  our  own  time; — we  might  espf 
that  it  would  not  be  soon  or  easily  detected. 
Huyghens  posBesaed  a  key  to  the  secret,  in  the  tkeoij 
'which  he  had  devitied,  of  the  propagation  of  light  I 
uadulatioQS,  and  which  he  conceived  with  perfect  dii 
tinctness  and  correctness,  bo  tax  as  its  application  i 
these  phenomena  ia  concerned.      Hence  hew 
to  lay  dowu  the  law  nf  the  phenomena  (the  only  pa 
of  hia  discovery  which  we  haye  here  to  consider),  i  " 
a  precision  and  succt.'ss  which  excited  deserved  admii 
tion,  when  the  subject,  at  a  much  lu.ter  period,  regain 
its  due  share  of  attention,      TTia  Treatise  was  written 
in  1678,  but  not  published  till  1690, 

The  laws  of  the  ardinwry  and  the  extraordim 
refraction  in  Iceland  spar  are  related  to  each  othi 
they  are,  in  fact,  similar  constructions,  made, 
one  case,  by  means  of  an  imaginary  sphere, 
other,  by  means  of  a  spheroid;  the  spheroid  being 
such  obkteness  aa  to  suit  the  rhombohedrtil  foriu 
the  crystal,  and  the  axis  of  the  spheroid  being  the  u 
of  symmetry  of  the  crystal.  Huyghens  followed  til 
general  conception  into  particular  positions  and  « 
tioDs;  and  thus  obtained  rules,  wliich  he  com 
with  observation,  for  cutting  the  crystal  and  trail 
ting  the  rays  in  various  manners.  '  I  have  axas 
in  detail,'  says  he,' '  the  properties  of  the  extraordiui 
refraction  of  this  crystal,  to  see  if  each  phenonUD 
which  is  deduced  from  theory,  would  agree  with  W* 
ia  really  observed.  And  this  being  so,  ib  ia  no  £li_ 
proof  of  the  ti-uth  of  our  suppositious  and  prindpl) 
but  what  I  am  going  to  add  here  confirms  them  id 
more  wonderfully;  that  is,  the  different  modes 
cutting  this  crystal,  in  which  the  surfaces  prodoB 
give  rise  to  refractions  exactly  such  as  they  ought 
be,  and  as  I  had  foi-eacea  them,  according  to  I 
preceding  theory,' 

'  See  his 
'  See  UBserra'B  Trod 
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Statements  of  this  kind,  coming  from  a  philosopher 
like  Huyghens,  were  entitled  to  great  confideuce  j 
Newton,  however,  appears  not  to  have  noticed,  or  to 
have  disregarded  them.  In  his  Opcicka,  he  gives  a 
rule  for  the  extraordinary  refraction  of  Iceland  apar 
which  is  altogether  erroneous,  without  assigning  any 
reason  for  rejecting  the  law  published  hy  Huyghens; 
and,  BO  far  as  ap^iears,  without  having  made  any 
experiuients  of  liis  own.  The  Hnygheniau  doctrine  of 
doubly  refraction  fell,  along  with  his  theory  of  undula- 
tions, into  temporary  neglect,  of  which  we  shall  have 
hereafter  to  speak.  But  in  1788,  HaQy  showed  that 
Huyghens'  rule  agreed  much  better  than  Newton's 
with  the  phenomena:  and  in  1802,  Wollaston,  apply- 
ing a  method  of  his  own  for  measuring  refraction, 
came  to  the  same  result.  '  He  made,'  says  Young,*  'a 
number  of  accurate  experiments  with  an  apparatus 
singularly  well  calculated  to  examine  the  phenomena, 
but  could  lind  no  general  principle  to  connect  them, 
until  the  work  of  Huyghens  waa  pointed  out  to  him.' 
la  1808,  the  siiliject  of  double  refraction  was  proposed 
as  a  prize-question  by  the  French  Institute;  and 
UaJos,  whose  Memoir  obtained  the  prize,  says,  '  I 
began  by  observing  and  measuring  a  long  series  uf 
phenomena  on  natural  and  artificial  jkces  of  Iceland 
spar.  Then,  testing  by  means  of  these  observations 
the  different  laws  proposed  up  to  the  present  time  by 
physical  writers,  I  was  strHck  with  the  admirable 
agreement  of  the  law  of  Huyghens  with  the  pheno- 
mena, and  1  was  soon  convinced  that  it  is  really  the 
law  of  nature.'  Pursuing  the  consequences  of  the 
law,  he  found  that  it  satisfied  phenomena  which  Huy- 
ghens himself  had  not  observed.  From  this  time, 
then,  the  truth  of  the  Huyghenian  law  was  universally 
allowed,  and  soon  afterwards,  the  theory  by  which 
it  had  been  suggested  was  genentUy  received. 

The  property  of  double  refraction  had  been  first 
studied  ouly  in  Iceland  spar,  in  which  it  is  very 
obTioiis.      T!ie   same   property    belongs,  though  leaa 

*  faari.  Sen.  iSop,  Sot.  p.  JJS. 
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conspicnoualy,  to  many  other  kinds  of  ci-yatala     IIiij- 
ghens  had  noticed  the  same  fact  in  rock-crystal;'  and 
MaluB  found  it  to  belong  to  a  large  list  of  bodiM 
besides;  for  instance,  arragonite,  sulphate  of  lime,  of 
baryta,  of  Btrontift,  of  iron;  carbonate  of  lead;  zirooa, 
corundum,  cymophane,  emerald,  euolaae,  felspar,  raeao- 
type,  peridote,  sulphur,  and  mellite.      Attempts  were 
made,  with  imperfect  success,  to  reduce  ali  these  to 
the  law  which  had  been  established  for  Iceland  sjiw. 
In  the  first  instance.  Mains  took  for  granted  th^t  the 
extraordinary   refraction   depended   always   upon  aa 
ablate  spheroid;  but  M.  Biot^  [Minted  out  a  diatisD- 
tion  between  two  classes  of  crystals  in  which  &« 
spheroid   was  oblong   and   oblate    respectively,  tui 
these  he  called  attractive  and  repvisive  crystals.    Witli 
this  correction,  the  law  coidd  be  extended  to  a  con- 
siderable nuniber   of  cases;  but  it  was  aftenFards 
proved  by  Sir  D.  Brewster's  discoveries,  that  even  in 
this  form,  it  belonged,  only  to  Bubstances  of  whicli  the 
crystallization  has  relation  to  a  single  axis  of  sym- 
metry, as  the  rhombohedron,  or  the  square  pyramid. 
In  other  cases,  as  the  rhombic  prism,  in  wliicb  tbo 
form,  considered  with  reference  to  its  crystalline  sym- 
metry, is  biaxal,  the  law  is  much  more  complicated. 
In  that  case,  the  sphere  and  the  spheroid,  which  are 
used  in  the  construction  for  uniaxal  crystals,  tranaform 
themselves  into  the  two  successive  convolutions  of  a 
single  continuous  curve  Bur&ce;  neither  of  the  two 
rays  follows  the  law  of  ordinary  refraction;  and  the 
formnla  which  determines  their  position  is  very  com- 
plex.    It  is,    however,   capable  of  being  tested  by 
measures  of  the  refraction  of  crystals  cut  in  a  peculiar 
maimer  for  the  purjiose,  and  this  was  dona  by  MM. 
Fresne!  and  Arago,     But  this  complex  law  of  double 
reiraction  was  only  discovered  thr(ragh  the  aid  of  the 
theory  of  a  luniiniferous  ether,  and  therefore  we  must 
now  return  to  the  other  facts  which  led  to  such  a 
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IF  the  Extrftordinary  Refraction  of  Iceland  spar  bad 
appeared  strange,  another  phenomenon  was  soon 
noticed  in  the  same  anbatance,  which  appeared  stranger 
still,  and  which  in.  the  sequel  was  found  to  be  no  less 
important.  I  speak  of  the  fiicta  which  were  after- 
wards described  under  the  term  Fola/rizalion.  Hny- 
ghens  waa  the  discoverer  of  this  claaa  of  facts.  At  the 
end  of  the  treatise  which  we  have  already  quoted,  he 
says,!  '  Before  I  quit  the  subject  of  this  crystal,  I  will 
sdd  one  other  marvellous  phenomenon,  which  I  have 
discovered  since  writing  the  above;  for  though  hitherto 
1  have  not  been  able  to  find  out  its  cause,  I  will  not, 
on  that  account,  omit  pointing  it  out,  that  I  may  give 
occasion,  to  others  to  examine  it'  He  then  states  the 
phenomena ;  which  are,  that  when  two  rhombohedrons 
of  Iceland  spar  are  in  parallel  positions,  a  ray  doubly 
refracted  by  the  first,  is  not  further  divided  when  it 
falls  on  the  second :  the  ordinarily  refracted  ray  is 
ordinarily  refracted  only,  and  the  extraordinary  ray  is 
only  extraordinarily  refracted  by  the  second  crystal, 
neither  ray  being  doubly  refracted.  The  same  is  still 
the  case,  if  the  two  crystela  ha"ve  i\[aiT  prinidpal  planes 
parallel,  though  they  themselves  are  not  paralleL  But 
if  the  principal  plane  of  the  second  crystal  he  perpen- 
dicular to  that  of  the  first,  the  reverse  of  what  has 
been  described  takes  place;  the  ordinarily  refracted 
ray  of  the  first  crystal  suffers,  at  the  second,  extra- 
ordinary refraction  on}.y,  and  the  extraordinary  ray  of 
the  first  suffers  ordinary  refraction  only  at  the  second. 
Thus,  in  p«ch  of  these  positions,  the  double  refraction 
of  each  ray  at  the  second  crystal  ia  reduced  to  single 
refraction,  though  in  a  different  manner  in  the  two 
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caaea.  But  la  any  other  jiosition  of  tlie  crystals,  eaii 
ray,  produced  by  the  first,  is  doubly  refracted  by  tlie 
Beooud,  so  nB  to  produce  four  rays. 

A  atfip  in  the  right  conception  of  these  phenomeni 
was  made  by  Newton,  in   the  second  edition  of  his 
Oplicks  (1717).     He    represented   them    as   reaultjog 
from  this; — that  tlie  m.ys  of  liglit  hare  'sides,'  ani 
that  they  undergo    the    ordinary  or    ejctraordiuorj 
retraction,  according  aa  these  sides  are  jutrallel  to  tlj£  . 
principal  plane  of  the  crystal,  or  at  right  angles  to  ^ 
(Query  26).     In  this  way,  it  is  clear,  that  Uiose  ni^l 
which,  in  the  first  crystal,  had  been  selected  for  exttsfl 
ordinary  refi-action,   liecause    their    sidea   were    pM^ 
pendicular   to   the   principal   plane,  would   all   suffer 
cstiuordinary  refraction  at  the  second  crystal  for  tlje 
same  reason,  if  its  prinoiiMl  plane  were  parallel  to  that 
of  the  first;  and  would  all  suffer  oivlinary  refraction, 
if  the  principal  plane  of  the  second  crystal  were  per- 
pendicular to  that  of  tLe  first,  and  consequently  parallel 
to  the  sides  of  the  refracted  ray.     This  view  of  the 
subject  includes  some  of  the  leading  features  of  the 
case,  but  still  leaves  several  considerable  difficulties. 

No  material  advance  was  made  in  the  subject  till  it 
was  taken  np  by  Maias,^  along  with  the  other  cireum- 
stancea  of  double  refraction,  about  a  hundred  years 
ufterwanls.  He  verified  what  had  been  observed  by 
Hnjghena  and  Newton,  on  the  subject  of  the  varia- 
tions which  light  thua  exhibits  j  but  he  discovered  tlia,t 
this  modification,  in  virtue  of  which  light  undeigoes 
the  ordinary,  or  the  extraordinary,  refraction,  accord- 
ing to  the  position  of  the  plane  of  the  crystal,  may  he 
impreased  upon  it  in  many  other  waya.  One  part  of 
this  discovery  was  made  flcoideutaliy.'  In  l8o3, 
Mains  happened  to  be  observing  the  light  of  the 
setting  siin,  reflected  from  the  windows  of  the  Luxem- 
bourg, through  a  rhonihohedron  of  Iceland  sjiar;  and 
he  observed  that  in  turning  round  the  oryatol,  the  two 
images  varied  in  their  intensity.    Neither  of  the  images 
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emiipletyly  vanished,  because  the  light  from  the 
windows  was  not  properly  luoditieil,  or,  to  use  tlie 
term  which  Jfalus  soon  adopted,  was  not  completely 
polarised.  The  complete  polarization  of  light  by 
reflectioii  from  glass,  or  any  other  transpartiit  siiU- 
stMnce,  waa  found  to  tate  place  at  a  certain  definite 
angle,  diffi^rent  for  each  aubstaDce.  It  was  found 
also  that  iu  all  crystals  in  which  double  refraction 
occurred,  the  separation  of  tlie  refracted  raya  waa 
accompanied  by  polarization ;  the  two  rays,  the  ordi- 
nary and  the  extraordinary,  b-eing  always  polarized 
opposUelj/.  that  is,  iu  planes  at  right  angles  to  each 
otiier.  The  term  jwfeg,  used  by  Malua,  conveyed 
nearly  the  same  notion  as  the  term  sides  which  had 
been  employed  by  Newton,  with  the  additional  con- 
ception of  a  property  which  a[ipeared  or  disappearpd 
according  as  the  poleg  of  the  particles  wore  or  were 
not  in  a  certain  direction;  a  property  thus  resembling 
the  pularilff  of  magnetic  bodi«s.  Wlien  a  spot  of 
polarized  light  ia  looked  at  through  a  transparent 
oryatal  of  Iceland  spar,  each  of  the  two  images  pro- 
duced by  the  double  refraction  vwrica  in  brightness 
BB  the  crystal  ia  tui-ned  rounil.  Itj  for  the  sake  of 
example,  we  suppoae  the  crystal  to  be  tnmed  round 
in  the  direction  of  the  points  of  the  compass,  N,  E,  B,W, 
and  if  one  image  be  brightest  when  the  crystal  marks 
N  and  8,  it  will  disappear  when  the  crystal  marka  E 
and  W;  and  on  the  coutniry,  the  second  image  will 
Taniah  when  the  crystal  maris  N  and  8,  and  will  be 
brightest  when  the  crystal  marka  E  and  W,  The  first 
of  these  images  is  pidarized  in  tJie  plane  N9  passing 
through  the  ray,  and  the  second  in  the  plane  EW, 
perpendicular  to  the  other.  And  theRe  rays  are 
oppositely  polarized.  It  waa  further  found  that  whether 
the  ray  were  pohirized  by  reflection  fi-om  glass,  or  from 
water,  or  by  double  refraction,  the  modification  of 
light  so  produced,  or  the  nature  of  the  polarization, 
■was  identical  in  all  these  eaaea ; — that  the  alternatives 
of  ordinary  and  extraordinary  refraction  and  non- 
Tefruction,  n-ere  the  same,  by  vfhatevex  crya^  \lhfj 
were  testedj  or  ia  triatever  manner  tUa  ■joVama'Oio'Q. 
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had  been  impreased  upon  the  light;  in  short,  tliattlie 
property,  when  once  acquired,  was  independent  of 
everythjug  except  the  aides  or  poles  of  the  ray;  aud 
thus,  in  1811,  thetenu  'polarization'  waa  introduced.* 

This  being  the  state  of  the  subject,  it  became  an 
obviouB  question,  by  what  other  meana,  and  according 
to  what  laws,  this  property  was  commiinicatEd.  It 
waa  found  that  some  crystals,  instead  of  giving,  liy 
double  refraction,  two  images  oppositely  polariJed, 
giye  a  single  polarized  image.  Thb  property  waa  dis- 
covered in  the  agate  by  Sir  D.  Brewster,  and  in 
tourmaline  by  M.  Biot  and  Dr.  Seebeck.  The  latter 
mineral  became,  in  consequence,  a  very  convenient 
part  of  the  apparatus  used  in  such  obsei'vatioiis. 
Various  peculiarities  bearing  upon  tliis  subject,  were 
detected  by  different  experimenters.  It  was  io  a 
short  time  discovered,  that  light  might  be  polarized  hy 
refraction,  as  well  as  by  reflection,  at  the  surface  of 
unciy  stall i zed  bodies,  as  glass ;  the  plane  of  polarization 
being  perpendicular  to  the  plane  of  refraction;  further, 
that  when  a  portion  of  a  ray  of  light  was  polarized  by 
reflection,  a  corresponding  portion  waa  polarized  1^ 
transmission,  the  planes  of  the  two  polarizations  being 
at  right  angles  to  each,  other.  It  waa  found  also  thai 
the  polarization  which  was  incomplete  with  a  single 
plate,  either  by  reflection  or  refi-aetion,  might  be  made 
more  and  more  complete  by  increasing  the  number 
of  plates. 

Among  an  accumulation  of  phenomena  like  this,  it 
is  our  business  to  inquire  what  general  laws  were 
discovered.  To  make  such  discoTeries  without  pos- 
sessing the  general  theory  of  the  facts,  required  no 
ordinary  sagacity  and  good  fortune.  Yet  several  laws 
were  detected  at  this  stage  of  the  siibject.  Malus,  in 
181 1,  obtained  the  important  generalization  that, 
whenever  we  obtain,  by  any  means,  a  polarized  ray  of 
light,  we  produce  also  another  ray,  polarized  in  s 
contrary  direction ;  thus  when  reflection  gives  a 
polarized  ray,  the  companion-ray  is  refracted  poiariwd* 
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opiwaitely,  along  with  a.  quantity  of  unpolarized  light. 
And  we  must  particularly  notice  Sir  D.  Breuater's 
rule  for  the  polarizing  angle  of  different  bodiea. 

Malua^  had  aaid  that  the  angle  of  reflection  from 
transparent  bodies,  which  most  completely  polarizes 
the  reflected  ray,  does  not  follow  any  diaooTerable  rule 
with  regard  to  the  order  of  refractive  or  dispersive 
powera  of  the  aubstances.  Yet  the  rule  was  in  reality 
TBiy  aimple.  In  1815,  Sir  D.  Brewater  atated^  aa  the 
law,  which  in  all  cases  determines  this  angle,  that  '  the 
index  of  refraction  is  the  tangent  of  the  angle  of 
polarization.'  It  follows  from  this,  that  the  pohiriza- 
tion  takee  place  when  the  reflected  and  refracted  rays 
are  at  right  angles  to  each  other.  This  simple  and 
elegant  rule  has  been  fiilly  confirmed  by  ail  aubsequent 
observations,  as  by  those  of  MM.  Biot  and  Seebeck; 
and  must  he  considered  one  of  the  happiest  and  most 
im]>ortaut  discoveries  of  the  laws  of  phenomena  in 
Optica. 

The  rule  for  polarisation  by  one  reflection  being 
thus  discovered,  tentative  formialK  were  proposed  by 
Sir  D.  Brewster  and  M.  Biot,  for  the  case^  in  which 
several  reflections  or  refractions  take  place.  Fresnel 
also,  in  1817  and  1S18,  traced  the  effect  of  reflection 
in  modifying  the  direction  of  ptolarization,  which 
Mains  had  done  Inaccurately  in  18 10.  But  the  com- 
pleicity  of  the  subject  made  all  such  attempts  extremely 
precarious,  till  the  theory  of  the  phenomena  waa 
understood,  a  period  which  now  comes  under  notice. 
The  laws  wiilch  we  have  spoken  of  were  important 
materials  for  the  establishment  of  the  theory;  but  in 
the  mean  time,  its  progress  at  first  had  been  more 
forwarded  by  some  other  classes  of  iiicts,  of  a  different 
kind,  and  of  a  longer  standing  notoriety,  to  which  we 
must  now  turn  our  attention. 


CHAPTER  VII. 


Discovery  or  the  Laws  op  the  Colocrs  of 
Tmin  Plates. 


11HE  facta  which  -we  hare  now  to  consider  aie 
remarkable,  inasmuch  as  the  coloars  are  produced 
merely  hy  the  smalin-esa  of  dimeimioiiB  of  the  bodia 
employed.  Tlie  light  is  not  analysed  by  any  pecnliat 
property  of  the  sulatauces,  but  dissected  by  the  miiiute- 
neaa  of  their  parts.  On  thii<  account,  these  phenomeim 
give  very  important  Lndicationa  of  the  reul  stnicture 
of  light;  and  at  an  early  period,  suggested  views  which 
are,  in  a  greut  measiire,  juat. 

Hooke  appears  to  be  the  first  person  who  niiwie  sny 
progress  in  discoveriiLg  the  laws  of  the  colours  of  thin 
plates.  In  his  Micrographia,  printed  by  the  Eajal 
Society  in  1664,  he  describes,  in  a  detailed  and  syste- 
matic manner,  severaL  phenomena  of  this  kind,  whicb 
he  calls  '  fiintastical  coloni-s.'  Me  examined  them  is 
Jffucovi/  glass  or  mica,  a  transparent  mineral  which 
is  capable  of  being  Bjilit  into  the  exceedingly  thin  fihug 
which  are  requisite  for  such  colours;  he  noticed  them 
also  in  the  fissures  of  the  same  substance,  in  bubbles 
blown  of  water,  ivisin,  gum,  glass;  in  the  films  on  the 
surface  of  tempered  ebeel ;  between  two  plane  pieces  of 
glass;  and  in  other  cases.  He  perceived  alao,^  that  the 
production  of  each  colour  required  a  plate  of  deter- 
minate tbickueas,  and  he  employed  this  circumstance 
as  one  of  the  grounds  of  his  theory  of  light 

Newton  took  up  the  subject  where  Hooke  had  leR 
it;  and  followed  it  oat  with  his  accustomed  skill  and 
clearness,  in  his  Disc»wrse  on  Light  and  Colourg,  com- 
municated to  the  Royal  Society  in  1675.  He  dete^ 
mined,  what  Hooke  liad  not  ascertained,  the  thicknesa 
of  the  film  which  waa  requisite  for  the  production  0 
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cftch  colour;  and  in  this  way  explained,  in  a,  complete 
and  admirable  manner,  the  coloured  rings  which  occur 
when  two  lenses  are  pressed  together,  and  the  tcate  of 
coloii^  which  the  rings  follow;  a  step  of  the  more  con- 
sequence, as  the  same  scale  occurs  in  many  other  optical 
ph.no™™. 

It  is  not  our  business  here  to  state  the  hypothesis 
with  regard  to  the  properties  of  light  which  Newton 
founded  on  these  facts ; — the  '  fits  of  easy  transmission 
and  reflection.'  We  shall  see  hereafter  that  his 
attempted  induction  was  imperftct ;  and  his  endeavour 
to  account,  by  means  of  the  laws  of  thin  plates,  for  the 
colours  of  natural  bodies,  is  altogether  ua^atisfactory. 
Bnt  notwithstanding  these  failures  in  the  speculations 
on  this  subject,  he  did  make  in  it  some  very  important 
steps;  for  lie  clearly  ascertained  that  when  the  thick- 
ues3  of  the  plate  was  about  i-i^Soooth  of  an  inch,  or 
three  times,  five  times,  seven  times  that  magnitude, 
there  was  a  bright  colour  produced;  but  blackness, 
when  the  thickness  was  exactly  intermediate  between 
those  laagnitudes.  He  found,  also,  that  the  thick- 
neaaea  whicli  gave  red  and  violet^  were  as  fourteen  tn 
nine;  and  the  intermediate  colours  of  course  corre- 
sponded to  intermediate  thicknesses,  and  therefore,  in 
his  apparatus,  consisting  of  two  lenses  pressed  together, 
appeared  as  rings  of  intermedia,te  sizes.  His  mode  of 
confirming  the  rule,  by  throwing  upon  this  apparatus 
differently  coloured  homogeneous  light,  is  striking  and 
elegant.  'It  was  very  pleasant,'  he  says,  '  to  see  the 
rings  gradually  swell  and  contract  as  the  colour  of  the 
light  was  changed.' 

It  is  not  necessary  to  enter  further  into  the  detail 
of  these  phenomena,  or  to  notice  the  rings  seen  by 
transmission,  and  other  circumstances.  The  important 
step  made  by  Newton  in  this  naatter  was,  the  showing 
that  the  rays  of  light,  in  these  experiments,  as  they  pass 
onwards  go  periodically  through  certain  cycles  of  modi- 
iication,  each  period  occupying  nearly  the  small  fraction 
of  an  inch  mentioned  above;  and  this  interval  being 
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did^resit  for  di&rait  eoloors.  Although  Newton  did 
not  corrertlT  disentuigle  the  conditions  under  wluch 
this  feiiodicaLl  diancter  is  manifestly  disclosed,  the 
diseoTeiy  that,  nndo'  some  caicumstances,  such  a  peri- 
odkal  chazacter  does  eiist,  was  likely  to  influence,  and 
did  influence,  materiallr  and  beneficially,  the  subse- 
quent progres  of  Optics  towards  a  connected  theory. 
We  must  now  trace  this  prepress;  but  before  we 
l^ooeed  to  this  task,  we  will  briefly  notice  a  number 
of  optical  phenomena  which  had  been  collected,  and 
which  waited  for  the  touch  of  sound  theory  to  introduce 
among  them  that  rule  and  order  which  mere  observa- 
tion had  sought  for  in  Tain. 


CHAPTER  Till. 


THE  phenomenal  wliich  result  from  optical  combina- 
tions, even  of  a  comparatively  simple  nature,  are 
eztremelj  comples.  The  theoiy  which  is  now  known 
accounts  far  these  results  with  the  most  curious  exact- 
ness, and  points  out  the  laws  which  pervade  the  appa- 
rent confusion;  but  without  this  key  to  the  appearances, 
it  was  scarcely  possible  that  any  rule  or  order  should  be 
detected.  The  undertaking  was  of  the  same  kind  ae  it 
Would  have  been,  to  discover  all  the  inequalities  of 
the  moon's  motion  without  the  aid  of  the  doctrine  of 
gravity.  We  will  enumerate  some  of  the  plienomena 
which  thus  employed  and  perplexed  the  cultivators  of 
optics. 

The  Mngea  of  shadows  were  one  of  the  most  curious 
and  noted  of  such  classes  of  iacts.  These  were  tirst 
remarked  by  Grimaldi'  {1665),  and  referrtd  by  him 
to  a  property  of  light  which  he  called  Diffraction. 
When  shadows  are  made  in  a  dark  room,  by  light 
admitted  through  a  very  small  hole,  these  appearances 
are  very  conspicuous  and  beautiful.  Hooke,  in  1673, 
communicated  similar  observations  to  the  Koyal 
Society,  as  'a  new  property  of  light  not  mentioned  by 
any  optical  writer  before;'  by  which  we  see  that  he 
had  not  heard  of  Griraaldi's  experiments.  Newton, 
in  his  Opticks,  treats  of  the  same  phenomena,  which  he 
ascribes  to  the  infieanon  of  the  rays  of  light.  He  asks 
(Qu.  3),  'Are  not  the  rays  of  light,  in  passing  by  the 
edges  and  aides  of  bodies,  bent  several  times  backward 
and  forward  with  a  motion  like  that  of  an  eell  And 
do  not  the  three  fringes  of  coloured  light  in  shadows 
arise  from  three  such  bondings  f  It  is  remarkable 
that  Newton  should  not  have  noticed,  that  it  is  im- 
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possible,  in  this  way,  to  a<N»iiiit  for  the  facta,  c 
to  express  their  lawa ;  eince  the  light  which  producef. 
the  fringes  niuBt,  on  this  theoiy,  be  propagated,  eyen 
after  it  leaves  the  neiglihourhood  of  the  opake  bodj, 
in  cutvea,  and  not  in  straight  lines.  Accordingly,  iSl 
who  have  tttken  tip  Newton's  notion  of  inflexion,  haw 
inevitably  failed  in  giving  anything  like  an  intelligiblt 
and  coherent  character  to  these  phenomena.  This  i^ 
for  example,  the  case  with  Mr.  (now  Lord)  Broughan 
attempts  in  the  Ptmiompliical  Transactions  for  1796 
The  same  may  be  said  of  other  experiment«rg,  S 
Mairan^  and  Du  Four,*  who  attempted  to  explain  th( 
facte  by  supjiosing  an  atmosphere  about  the  opake 
body.  Several  authors,  as  Majaldi,*  and  CompBretti,'  ■ 
repeated  or  varied  these  experiments  in  different  yntjL . 
Newton  had  noticed  certain  rings  of  colour  produced ' 
by  a  glass  speculum,  which  he  called  '  colours  of  tbidi 
plates,'  and  which  he  attempted  to  connect  with  the 
colours  of  thin  plates.  His  reasoning  ia  by  n 
satisfactory;  hut  it  was  of  use,  by  pointing  out  thiau 
a  case  iu  which  his  'fits'  {the  small  periods,  orcyd«» 
in  the  rays  of  light,  of  which  we  have  spoken)  cmti 
tinued  to  occur  for  a  considerable  length  of  the  n 
But  other  persons,  attempting  to  repeat  his  e 
ments,  confounded  with  them  extraneous  phenomena 
of  other  kinds;  as  the  Due  de  Chaulnes,  who  spread 
muslin  before  his  mirror,*  and  Dr.  Herschel,  whS 
scattered  hair-powder  before  his.^  The  colours  pro- 
duced by  the  muslin  were  those  belonging  to  shadows 
of  gratings,  afterwards  examined  more  sucoessfiilly  by 
Fraunhofer,  when  in  possession  of  the  theory.  We 
may  mention  here  also  the  colours  which  appear  a 
finely-striated  surfaces,  and  on  mother-of-pearl,  featheil 
and  similar  substances.  These  had  been  examined  b 
various  persons  (as  Boyle,  Mazeas,  Lord  BroughaniBJ 
but  could  still,  at  this  period,  be  only  looked  upon  ii 
insulated  and  lawless  facts. 
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CHAPTER  IX. 


hsOOTEHY  OF  THE  LaWS    OF  PlIEXOMESA   OF 
DiPOLABIZED    XjGHT. 


BESIDES  the  above-mentioned  perplexing  cases  of 
colonre  produced  by  common  light,  cases  of  perio- 
dUai  txiltrnTH  produced  by  polarised  UijiU  begun  to  be 
discovered,  and  soon  became  nnmermia.  In  August, 
1811,  M.  Arago  eonimunita,ted  to  the  Institute  of 
Fiance  an  account  of  colours  seen  by  passing  polarized 
Ught  through  mica,  and  analysini)'^  it  with  a  prism  of 
Iceland  spar.  It  is  remarkable  that  the  light  which 
produced  the  colours  in  this  case  was  the  light  polarisiBd 
by  the  sky,  a  cause  of  polarization  not  prerioualy 
Imown.  The  effect  which  the  mica  thus  produced  was 
termed  depolarization; — not  a  very  happy  term,  since 
the  effect  is  Dot  the  destruction  of  the  polarization,  but 
the  combination  of  a  new  polarizing  influence  with  the 
former.  The  word  dipolarizalion,  which  has  since 
been  proposed,  is  a  much  more  appropriate  expression. 
Several  other  curious  phenomena  of  the  same  kind 
were  observed  in  quartz,  and  in  flint-glass.  M.  Arago 
waa  not  able  to  reduce  these  phenomena  to  laws,  but 
he  had  a  full  conviction  of  their  value,  and  ventures 
to  class  them  with  the  great  steps  in  this  part  of 
optics.  '  To  Bartholin  we  owe  the  Imowledge  of  double 
refraetionj  to  Huyghens,  that  of  the  accompanying 
polarization;  to  Mains,  polariiation  by  reflection;  to 
Arago,  depolarization.'  Sir  D.  Brewster  was  at  the 
same  time  engaged  in  a  similar  train  of  research ;  and 
madedlBDOveriesof  the  samenatui-o,  which,  though  not 
published  till  some  time  after  those  of  Arago,  were 
obtained  without  a  knowledge  of  what  had  been  done 

>  Thf  prlim  of  IceUnd  ipnr  praduce-a  the  cnloun  b;  gepsrslln);  the 
trsnimitWd  r«ys  socord/ns  to  Hit  laivsof  double  reftufUou,  Al.tnEt\i. 
la  aald  to  aaaigle  the  light. 
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by  tim.     Sir  D.  Brewster's   TttatUe 
aopkwal  InMrumerUs.  {•uMished  in  i8ij 
curious  experiiueats  ui 
of  mineraU.    Both  tiie» 

of  colour  which  are  prodaced  by  chaugea  in  ti 
of  the  n,y,  Aod  the  altenuitions  of  colour  in  the  two    I 
oppoutelf  polamed  images ;  and  Sir  D.  Brewster  dis- 
covered that,  in  topa£,  the  phenomena  had  a  certAin 
reference   to  lined  which   he  called  the    neuiral  utid 
dep<dari2.iug  axes.    M.  Biot  had  endearoured  to  reilucit 
the  pheuomena  to  a  law ;  and  had  succeeded  so  &r, 
that  he  found  that  in  the  plates  of  eiilphate  of  linie,tb« 
place  of  the  tint,  eiftimated  ia  Newton's  scale  (see  onM^  I 
du^  viL),  was  as  the  square  of  the  sine  of  the  inclinxj 
tion.  But  the  latrs  of  these  phenomena  became  mudlfl 
more   obviaua   when    they   were  observed  by  Sir  IXn 
Brewster  with  a  larger  field  of  yiew.^     He  found  tl 
the  colours  of  topaz,  under  the  circuntatances  i 
described,  exhibited  tbemuelves  in  the  form  of  ol 
tical  rings,  crossed  by  a  black  bar,  '  the  most  b 
class  of  phenomena,'  as  he  justly  says,  '  in  the 
range  of  optics.'     In  1814,  also,  Wollaston  obs 
the  circular  rings  with  a  black  cross,  produced  b 
similar  means  incalc-spar-  and  M.  Blot,  in  1 815,  mat 
the  same  obseni-htion.      The  rings,  in  several  of  these 
cases,   were  carefuUy   measured  by   M.   Biot  and  Sir 
D.  Brewster,  and  a  great  mass  of  aiiuilar  phenomena 
was  discovered.      These  were  added  to  by  various 
persons,  as  AL  Seebeck,  and  Sir  Jolin  Herschel. 

Sir  D.  Brewster,  in  tSiS,  discovered  a  general 
relation  between  the  crystalline  form  and  the  optical 
properties,  which  gave  an  incalculable  impulse  and  a 
new  clearness  to  these  reaearehes-  He  found  that 
there  was  a  correspondence  between  the  degree  of 
symmetry  of  the  optical  phenomena  and  the  crystalline 
form ;  those  crystals  which  are  uniaxal  in  the  cryHtul- 
lographical  sense,  are  also  uniazal  in  their  optical 
properties,  and  give  circular  rings;  those  whiah  are  of 
other  forms  are,  generally  speaking,  biaxal;   they  g" 
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oval  and  knotted  uoehromatic  lines,  with  two  pole». 
He  also  discovered  a  rule  for  the  tint  at  each  point  in 
siich  cases;  and  thus  explained,  so  fur  as  an  empirical 
law  of  phenomena  went,  the  curious  and  various  forms 
□tithe  cnlonred  curves.  This  law,  when  aimplified  by 
H.  Biot,^  made  the  tint  proportional  to  tjie  product 
of  the  distances  of  the  point  from  the  two  poles.  In 
the  following  year.  Sir  J.  Herschel  confii'med  this  law 
by  showing,  from  actual  measui^ment,  that  the  curve 
of  the  isocbromatic  lines  in  these  cases  was  the  curve 
termed  the  Itmniaeala,  which  has,  for  each  point,  the 
product  of  the  distances  from  two  fiiced  poles  equal  to 
a  constant  quantity.'^  He  alxo  reduced  to  rule  some 
other  apparent  anomalies  in  plienomena  of  the  same 

M.  Biot,  too,  gave  a  rule  for  the  directions  of  the 
planes  of  polarization  of  the  two  raya  produced  by 
double  refraction  in  biaxal  crystals,  a  circumstance 
which  lias  a  close  bearing  upon  the  phenomena  of 
dipolarizntion.  His  rule  was,  that  the  one  plane  of 
polarization  bisects  the  dihedral  angle  formed  by  the 
two  planes  which  pass  through  the  optic  axes,  aud  that 
the  other  is  perpendicular  to  such  a  plane.  When, 
however,  Fi-esnel  had  diaeovered  from  the  theory  the 
true  laws  of  double  refraction,  it  appeared  that  the 
above  rule  is  inaccurate,  although  in  a  degree  which 
observation  could  hardly  detect  without  the  aid  of 
theory.^ 

There  were  still  other  classes  of  optical  phenomena 
which  attracted  notice ;  especially  those  which  are 
exhibited  by  plates  of  quartz  cut  perpendicular  to  the 
axis.  M.  Arago  bod  observed,  in  1811,  that  this 
substance  produced  a  tioitt  of  the  plane  of  polarization 
to  the  right  or  left  hand,  the  amount  of  this  twist 
being  different  for  different  colours;  a  result  which 
was  afterwards  traced  to  a  modification  of  light  diffe- 
rent both  from  common  and  from  polarized  light,  and 
subsequently   known  as    circular  polarii^atum.      Sir 
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J.  Hei-scliel  had  the  good  fortuue  and  sagacity  ia 
(liscoYcr  that  this  pfrculiar  kind  of  polarimtiou  in 
quartz  was  connected  Tvith  an  equally  peculiar  ino<3iG- 
catioa  of  crystallization,  tlie  pliigihedrai  faces  nhiuh 
are  seen,  on  Bome  crystals,  obliquely  difiposed,  and,  ti 
it  were,  following  each  other  round  the  crystal  from 
left  to  right,  or  from  right  to  left.  Sir  J.  Heraclel 
found  that  the  rig/U-handed  or  left-handed  character 
of  the  circular  polarization  corresponded,  in  all  cases, 
to  that  of  the  crystal. 

In  1815,  M.  Biot,  in  tia  researches  on  the  subject 
of  circular  polarization ,  was  led  to  the  vmexpeoted  aud 
curious  discovery,  that  this  property,  which  seemed 
to  require  for  its  very  conception  a  crystalline  struc- 
ture in  the  body,  belonged  nevertheless  to  several 
fluids,  and  in  different  directions  for  different  flnids, 
Oil  of  turpentine,  and  an  essential  oil  of  laurel,  gavej 
the  plane  of  polarization  a  rotation  to  the  left  huu^B 
oil  of  citron,  syrup  of  sugar,  and  a  solution  of  campha^fl 
gave  a  rotation  to  the  right  hand.     Soon  after,  ih0.l 
like  discovery  was  made  independently  by  Dr.  Seebock, 
of  Berlin. 

It  will  easily  be  supposed  that  all  these  briUiaut 
phenomena  could  not  be  observed,  aud  the  laws  of 
many  of  the  phenomena  discovered,  without  attempts 
un  the  part  of  philosophers  to  combine  them  all  nuder 
the  dominion  of  some  wide  and  profound  theory. 
Eudeavours  to  ascend  from  such  knowledge  as  we  have 
spoken  of,  to  the  general  theory  of  light,  were,  in 
fact,  made  at  every  stage  of  the  subject,  and  with  a 
sucsoesH  which  at  last  won  almost  all  suffrages.  We 
are  now  arrived  at  the  point  at  which  we  are  called 
upon  to  ti-ace  the  history  of  this  theoiy;  to  pass  from 
the  laws  of  phenomena  to  their  causes ; — from.  Formal 
to  Physical  Optics.  The  undulatory  theory  of  ligbt^  — 
the  only  discovery  which  can  stand  by  the  aide  of  ti 
theory  of  universal  gravitation,  as  a  doctrine  belongi 
to  the  same  order,  for  its  generality,  its  fertility,  1 
its  certainty,  may  properly  be  ti-eated  of  with  that  " 
ceremony  which,  we  ha."ve  titlietto  bestowed  only  on  the 
great  advances  ot  os.\TCi\u«a^  ■,  «.iA  \  'Stvsia.  ■Oo.ets&ssB, 
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now  proceed  to  speak  of  the  Prelude  to  this  epoch,  the 
£poch  itself,  aud  its  Sequel,  actwrding  to  the  form  of 
the  preceding  Book  which  treats  of  astrononij. 

[znd  Ed.]  [I  ought  to  hare  stated,  io  the  begin- 
ning of  this  chapter,  that  Malus  discoverod  the  depo- 
larization of  trhiu  light  in  181 1,  He  found  that  r 
jiencil  of  light  which,  being  polarized,  refused  to  be 
reflected  by  a  sur&ce  projwrly  placed,  recovered  ila 
power  of  being  reflected  after  hein  g  transmitted  through 
certain  crystals  and  other  transparent  bodies.  Malus 
iutended  to  pursue  this  snbject,  when  his  researches 
were  terminated  byhisdeath,  Feb.  7, 1812.  M,  Arago, 
about  the  same  time,  announced  his  important  disco- 
rery  of  the  depolarization  of  eoli/urt  by  crystals. 

I  may  add,  to  what  is  above  said  of  M.  Biot's  dis- 
coveries respectiug  the  circular  polarizing  power  of 
fluids,  that  he  pursued  his  researches  so  as  to  bring 
into  Tiew  some  most  curious  relations  among  the 
elements  of  bodies.  It  appeared  tbat  certain  substances, 
as  sugur  of  canea,  had  a  right-handed  effect,  and  certain 
other  substances,  as  gum,  a  left-handed  effect;  and  that 
the  molecular  value  of  this  effect  was  not  altered  by 
dilution.  It  appeared  also  that  a  certain  element  of 
the  substance  of  fruits,  which  had  been  supposed  to  be 
gum,  and  which  is  changed  into  sugar  by  the  opera- 
tion of  acids,  is  not  gum,  aud  has  a  very  energetic 
right-handed  effect.  This  substance  M.  Biot  called 
dextrine,  and  he  has  since  traced  its  effects  into  many 
highly  curious  and  important  resultii.] 
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CHAPTER  X. 

E  Epoch  of  Younq  j 


BY  Physical  Optics  we  mean,  as  haa  already  been 
stated,  the  theories  which  explain  optical  pLe- 
nomena  on  mechanical  [irinciples.  Ko  such  explana- 
tion could  be  given  till  true  mechanical  principles  had 
been  obtained;  and,  accordingly,  we  must  date  the 
commencement  of  the  essays  towards  physical  optica 
fi-om  Descartes,  the  foiinfier  of  the  modern  mechanical 
philosophy.  His  hypothesis  concerning  light  is,  that 
it  consists  of  small  particles  emitted  by  the  luminous 
body.  He  compares  these  particles  to  balls,  and 
endeavours  to  explaio,  by  means  of  this  comparison, 
the  laws  of  reflection  and  refraction.'  In  order  Ui 
account  for  the  production  of  colours  by  refraction,  he 
ascribes  to  these  balls  an  alternating  rotatory  motion.^ 
This  form  of  the  emiseion  theory,  was,  like  most  of  the 
physical  speculations  of  its  author,  hasty  and  gra- 
tuitous; but  was  extensively  accepted,  like  the  rest  of 
the  Cartesian  doctrines,  in  consequence  of  the  love 
which  men  have  for  sweeping  and  simple  dogmas,  and 
deductive  reasonings  from  them.  In  a  short  time, 
however,  the  rival  optical  tJieory  of  undvlations  made 
its  appearance.  Hooke  in  his  Miorographia  (1664^ 
propounds  it,  upon  occasion  of  his  observations,  al 
noticed,  (chap,  viii.,)  on  the  colours  of  thin  plates 
there  asserts^  light  to  consist  in  a  'quick,  short,  vibrv 
ing  motion,'  and  that  it  is  propagated  ii 
medium,  in  such  a  way  that  '  every  pulse  or  vibratii 
of  the  luminous  body  will  { 
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will  contiaually  increase  and  grow  bigger,  just  after 
the  same  manner  (though  indefinitely  swifter)  as  the 
waves  or  rings  od  the  surface  «f  water  do  swell  into 
bigger  and  bigger  circles  aboa.t  a  point  in  it.'*  He 
applies  this  to  the  esplanatinn  of  refraction,  bj-  sup- 
posing that  the  rays  in  a  denser  medium  move  more 
easily,  and  bence  that  the  pulses  become  oblique;  a  &r 
less  satisfactory  and  consistent  hypothesis  than  that  of 
Huyghens,  of  which  we  shall  n«xt  have  to  Hpeak.  But 
Hooke  has  the  merit  of  having-  also  combined  with  his 
theory,  though  somewhat  obscurely,  the  Principle  of 
ItUerferences,  in  the  application  which  he  mates  of  it 
to  the  colours  of  thia  plates.  Thus'  he  supposes  the 
li^t  to  be  reflected  at  the  first  surface  of  such  plates; 
and  he  adds,  'afUir  two  refractions  and  one  reflection 
(firom  the  second  surface)  there  is  propagated  a  kind  of 
&inter  ray,'  which  comes  behind  the  other  reflected 
pulse ;  '  so  that  hereby  (the  sur&ces  Ab  and  ef  being 
BO  near  together  that  the  eye  cannot  diacriniinate 
them  from  one),  this  compound  or  duplicated  pulae 
does  produce  on  the  retina  the  sensation  of  a  yellow.' 
The  reason  for  the  production  of  this  particular  colour, 
in  the  case  of  which  he  here  speaks,  depends  on  his 
views  concerning  the  kind  of  pulses  appropriate  to 
each  colour ;  and,  for  the  same  reason,  when  the  thick- 
ness is  diHerent,  he  finds  that  the  result  wilt  be  a  red 
or  a  green.  This  is  a  very  remarkable  anticipation  of 
the  explanation  ultimately  given  of  these  colours;  and 
■we  may  observt^  that  if  Hooke  could  have  measured 
the  thickness  of  his  thin  plates,  he  could  hardly  have 
avoided  making  considerable  progress  in  the  doctrine 
of  interferences. 

But  the  person  who  is  generally,  and  with  justice, 
looked  upon  as  the  great  author  of  the  unduiatory 
theory,  at  the  period  now  under  notice,  is  Huyghens, 
whose  Traite  de  la  Lumiere,  containing  a  developement 
of  hia  theory,  was  written  in  1678,  though  not  pub- 
lished till  1690.  lu  this  work  he  maintained,  as 
Hooke  had  done,  that  light  consists  in  undulations, 
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and  expands  itself  spherically,  nearly  in  i 
m&nner  as  sound  does;  and  he  referred  to  the  obHTVK- 
tiona  of  Kcinier  on  Jupiter's  sateUites,  both  to  prove  that 
tliia  diUerence  takes  place  successively,  and  to  show  ite 
exceeding  swiftness.  In  order  to  trace  tLe  effect  ef  m 
nndulation,  Huyghens  eonaidera  that  every  point  of  a 
wave  diffuses  its  motion  in  all  directions;  and  henn 
he  drawB  the  conclusion,  so  long  looked  upon  a 
tuming-jxiint  of  tlie  combat  between  the  rival  theories, 
that  the  light  will  not  be  diffused  beyond  the  recti- 
linear space,  when  it  passes  through  an  aperture; 
'  for,"  says  he,*  '  although  the  parliai  waves,  produced 
by  the  larticles  comprized  in  the  aperture,  do  diffusa 
themselves  beyond  the  rectilinear  space,  these  waves 
do  not  cojicitranywhere  except  in  front  of  the  aperture.' 
He  rightly  considers  this  obaervatiou  as  of  the  mftst 
essential  value.  '  TLis,'  he  says,  '  was  not  known  bj 
those  who  began  to  consider  the  waves  of  light,  among 
whom  are  Mr.  Hooke  in  his  Mierography,  and  Fatier 
Pardies;  who,  in  a  treatise  of  which  he  showed  me  1 
part,  and  which  he  did  not  live  to  finish,  had  under- 
taken to  piBve,  hy  these  waves,  the  effects  of  reflecUon 
and  refraotion.  But  the  principal  foundation,  wLicb 
consists  in  the  remark  I  have  Just  made,  was  wanting 
in  hia  demonstrations.'' 

By  the  help  of  this  view,  Huyghens  gave  a  perfectly 
satirfactory  and  correct  explanation  of  the  laws  of  re- 
flection and  refraction;  and  he  also  applied  the  suioe 
theory,  as  we  have  seen,  to  the  double  refraction  of 
Iceland  spar  with  great  sagacity  and  suceesa.  He 
conceived  that  in  this  crystal,  besides  the  spherical 
waves,  there  might  be  others  of  a  spheroidal  form,  the 
axis  of  the  spheroid  being  symmetrically  disposed  with 
regard  to  the  faces  of  the  rhombohedron,  for  to  these 
faces  the  optical  phenomena  are  symmetrically  related. 
He  found^  that  the  position  of  the  refracted  ray  '  '  "^ 
miued  by  such  spheroidal  undulations,  would  give  A 
oblique  refraction,  which  would  coincide  in  ' 
with  the  refraction  observed  in  Iceland  spar:  and,! 
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ve  have  stated,  this  coiiicidencB  was  long  after  fully 
confirmed  by  other  oljaervera. 

Since  Huyghena,  at  this  early  period,  expounded  the 
nndulatory  theory  with  so  much  distinctness,  and 
applied  it  with. HO  much  skill,  it  may  be  asked  why  we 
do  not  hpld  him  up  as  the  great  Author  of  the  induc- 
tion of  undulations  of  light; — the  ]ierson  who  marka 
the  epoch  of  the  theory  1  To  this  we  reply,  that 
though  Huygheiis  discovered  strong  presuniptioiiG  in 
tivour  of  the  undulatory  theory,  it  was  nut  tttabluiied 
till  a  later  era,  when  Uie  fringes  of  shadows,  rightly 
understood,  made  the  waves  visible,  and  when  the 
lypotheaia  which  had  been  assumed  to  account  for 
double  refraction,  was  found  to  contain  also  an  expla- 
nation of  poLirization.  It  is  then  that  this  theory  of 
light  assumes  its  commanding  form ;  and  the  persons 
vho  gave  it  this  form,  we  must  make  the  great  names 
of  our  narrative ;  without,  however,  denying  the  genius 
und  merit  of  Huyghens,  who  is,  undoubtedly,  the 
leading  character  in  the  prelude  to  the  discovery. 

The  undulatory  theory,  from  this  time  to  our  own, 
was  unfortunate  iu  its  career.  It  was  by  no  means 
destitute  of  defenders,  but  these  were  not  experi- 
meaters;  and  none  of  them  thought  of  applying  it  to 
Grimaldi's  enperimentH  on  fringes,  of  which  we  have 
spoken  a  little  wbiie  ago.  And  the  great  authority  of 
the  period,  Newton,  aiJopted  the  opposite  hypothesis, 
that  of  emission,  and  gave  it  a  currency  among  his 
foUoweiia  which  kept  down  the  sounder  theory  fur 
above  a  century. 

Newton's  first  disposition  appears  to  have  been  by 
no  means  averse  to  the  assumption  of  an  ether  as 
the  vehicle  of  luminiferous  undulations.  When  Hooke 
brought  against  his  prismatic  analysis  of  light  some 
ol'jcetions,  founded  on  his  own  hypothetical  notions, 
Newton,  in  his  reply,  said,*  '  The  liypothesis  has  a 
much  greater  affinity  with  his  own  hypotliesis  than 
he  seems  to  be  aware  of;  the  vibrations  of  the  ethiir 
being  as  useful  and  necessary  in  this  as  in  his.'     This 
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WHS  in  1672;  and  we  might  produce,  from  Ifewton'i  W 
writings,  passages  ol'  the  same  kind,  of  a  much  ktw  ■ 
data.  Indeed  it  would  seem  that,  to  the  last,  ffewton  W 
considered  the  assumption  of  an  ether  as  highly  m 
probable,  and  its  vibrations  as  im]>ortaat  parts  of  the  ■ 
phenomena  of  light;  but  he  also  introduced 'into  bis  I 
systtm  the  hypothesis  of  emission,  and  having  followed  I 
this  hypothesis  into  mathematical  detiiil,  vliile  he  has  I 
left  all  that  concerns  the  ether  in  the  form  of  queries  I 
and  conjectures,  the  eniiBaion  theory  has  naturally  been  I 
treated  as  the  leading  part  of  his  optical  doctrines.  I 

The  principal  propositions  of  the  Princijna  which  1 
bear  upon  the  queatiou  of  optical  theory  are  thoae  of 
the  fourteenth  Section  of  the  fii-at  Book,*  in  which  the 
law  of  the  sines  in  refraction  is  proved  on  the  hypo-  | 
thesis  that  the  particles  of  bodies  act  on  light  only  at 
very  small  distances ;  and  the  proposition  of  the  eighth 
Section  of  the  second  Book  ;^"  in  which  it  is  pretended 
to  be  demonstrated  tkat  the  motion  propagated  in  a 
fluid  must  diverge  when  it  has  passed  through  an 
aperture.  The  former  proposition  shows  that  the  law 
of  refraction,  an  optical  truth  which  mainly  affected 
the  choice  of  a  theory,  {for  about  reflection  there  is  no 
difficulty  on  any  mechanical  hypothesis,)  follows  from 
the  theory  of  emission :  the  latter  proposition  was 
intended  to  prove  the  inadmissibility  of  the  rival 
hypothesis,  that  of  undulations.  As  to  the  fonner 
point, — the  hypothetical  explanation  of  refraction,  on. 
the  assumptions  there  made, — the  conclusion  is  quite 
aatisfactoiy ;  but  the  reasoning  in  the  latter  case, 
(resjiecting  the  propagation  of  undulations,)  is  cer- 
tainly inconclusive  and  vague;  and  something  better 
might  the  more  reasonably  have  been  expected,  since 
Huyghens  had  at  least  endeavoiired  to  prove  the 
opposite  proposition.  But  supposing  we  leave  these 
properties,  the  rectilinear  course,  the  reflection,  and 
the  refraction  of  light,  as  problems  in  which  neither 
theory  has  a  decided  advantage,  what  is  the  next 
material  point  1     The  colours  of  thin  plates.     Now, 
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how  does  Newton's  theoiy  explain  these  ?  By  a 
new  and  special  supjiosition ; — that  at  fit*  ofeaty  trans- 
mission and  refieclum:  a.  anppositiou  which,  though  it 
truly  expresses  these  ferts,  is  not  home  out  by  any  other 
phenomena.  But,  passing  over  tliis,  when  we  come  to 
the  peculiar  Uwa  of  polarization  in  Iceland  spar,  how 
does  Kewton'ft  meet  thenel  A^gain  by  a  special  and 
new  supposition ; — that  the  rays  of  light  have  eidet. 
Thus  we  find  no  fresh  evidence  in  favour  of  the 
emission  hypothesis  springing  out  of  the  fresh  demands 
made  upon  it.  It  may  be  urged,  in  reply,  that  the 
same  is  true  of  the  undulatory  theory;  and  it  must  be 
allowed  that,  at  the  time  of  which  we  now  speak,  its 
superiority  in  this  respect  was  not  manifested;  tbougb 
Rooke,  as  we  have  seen,  had  caught  a  glimpse  of  the 
explanation,  which  this  theory  supplies,  of  the  colours 
of  thin  plates. 

At  a  later  period,  Newton  c«rt«dnly  seems  to  Jiave 
been  strongly  disinclined  to  believe  light  to  consist  in 
undulations  merely.  '  Are  not,'  he  says,  in  Question 
twenty-eight  of  the  Opticka,  '  all  hypotheses  erroneous, 
in  which  light  is  supposed  to  consist  in  presaion  or 
motion  propagated  through  a  fluid  medium  1'  The 
ai^nments  which  most  weighed  with  him  to  produce 
this  conviction,  appear  to  have  been  the  one  already 
mentioned, — that,  on  the  nndulatory  hypothesis,  undu- 
latiouB  passing  through  an  aperture  would  be  diffused ; 
and  again,— his  conviction,  that  the  properties  of  light, 
developed  in  various  optical  phenomena,  'depend  not 
upon  new  modifications,  but  upon  the  original  and 
unchangeable  properties  of  the  raya'  (Question  twenty- 

But  yet,  even  in  this  state  of  his  views,  he  was  very 
far  from  abandouiug  the  machinery  of  vibrations  alto- 
gether. He  is  disposed  to  usa  such  machinery  to 
produce  his  'fits  of  easy  transmission.'  In  his  seven- 
teenth Query,  he  says,^'  'when  a  ray  of  light  ialis  upon 
the  surface  of  any  pellucid  body,  «.nd  is  there  refracted 
or  reflected;  may  not  waves  of  vibrations  or  tremoi* 
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be   thereby  excited    in  the  refracting   or  reflecting 

medium  at  the  point  of  iscidencel and  donut 

these  vibrations  overtake  the  rays  of  light,  and  by 
overtaking  them  suceesaively,  do  they  not  put  them 
into  the  fits  of  easy  reflection  and  easy  transinisaioa 
deacribed  Bbovel'  Several  of  the  other  queries  icoply 
the  same  persuasion,  of  the  necessity  for  the  assump- 
tion of  an  ether  and  its  vibrations.  And  it  miglit 
have  been  asked,  whether  any  good  reason  could  be 
given  for  the  hypothesis  of  an  ether  as  a  paH  of  the 
mechaniBm  of  light,  which  would  uot  be  equally  valid 
in  fevout  of  this  being  the  whole  of  the  mechanism, 
especially  if  it  could  be  shown  that  notliing  m< 
wanted  to  produce  the  results. 

The  emission  theory  was,  however,  embraced 
most  strenuous  manner  by  the  disciples  of  Newton, 
That  propoaitiona  existed  in  the  FriTtdpia  which  po>- 
ceeded  on  thb  hypothesis,  was,  with  many  of  these 
persons,  ground  enough  for  adopting  the  doctrine;  and 
it  had  also  the  advantage  of  being  more  ready  of  con- 
ception, for  though  the  propagation  of  a  wave  ia  not 
very  difficult  to  conceive,  at  least  by  a  mathematioiiui, 
the  motion  of  a  particle  b  atill  easier. 

On  the  other  hand,  the  undulation  theory  was  main- 
tained by  no  less  a  person  than  Euler;  and  the  wu' 
between  the  two  opinions  was  carried  on  with  great 
earnestness.  The  ailments  on  one  side  and  on  the 
other  soon  became  trite  and  familiar,  for  no  person 
explained  any  new  clsss  of  facts  by  either  theoij. 
Thus  it  was  urged  by  Euler  against  the  system  of 
emi-saion,'^ — that  the  perpetual  emanation  of  light  from 
the  aun  must  have  diminished  hia  maas; — that  tba 
stream  of  matter  thus  constantly  flowing  must  affect 
the  motiona  of  the  planets  and  comets;  that  the  raja 
must  disturb  each  other; — that  the  passage  of  light 
through  transparent  bodies  is,  on  this  system,  incon- 
ceivable: all  such  arguments  were  answered  by  repre- 
sentations of  the  exceeding  minuteness  and  velocity  of 
the  matter  of  light.     On  the  other  hand,  there  i 
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nrged  against  the  theory  of  waves,  the  favomlte 
Newtonian  argument,  that  on  this  theory  the  light 
passing  through  an  aperture  ought  to  be  diffused,  aa 
BOumJ  is.  It  is  curious  that  Eiiler  doea  not  make  to 
this  argument  the  reply  which  Huyghena  had  made 
before.  The  fact  really  was,  that  he  was  not  aware  of 
the  true  ground  of  the  difference  of  the  result  in  the 
cases  of  sound  and  light;  namely,  that  any  ordinary 
aperture  bean  an  immense  ratio  to  the  length  of  an 
undulation  of  light,  but  does  not  bear  a  very  great 
ratio  to  the  length  of  an  undulation  of  sound.  The 
demonstrable  coaaeqiienee  of  this  difference  is,  that 
light  darts  through  such  an  orifice  in  straight  rays, 
while  sound  is  ditliiBed  in  all  directiooH.  Euler,  not 
perceiving  this  diii'erence,  rested  his  answer  mainly 
upon  a  circumstance  by  no  means  unimportant,  that 
tlie  partitions  usually  employed  are  not  imijermeable 
Id  sound,  as  opake  bodies  are  to  light.  He  observes 
that  the  sound  does  not  all  come  through  the  aperture ; 
for  we  hear,  though  the  aperture  be  stopped.  Theee 
Vere  the  main  original  points  of  attack  and  defence, 
and  they  continued  nearly  the  same  for  the  whole  of 
the  last  century;  the  same  difficulties  were  over  and 
over  again  proposed,  and  the  same  solutions  given, 
much  in  the  manner  of  the  disputiifciona  of  the  school- 
men of  the  middle  ages. 

The  struggle  being  thus  apparently  balanced,  the 
scale  was  naturally  turned  by  the  general  ascendancy 
of  the  Newtonian  doctrines;  and  the  emission  theory 
■was  the  one  most  generally  adopted.  It  was  still  more 
firmly  established,  in  consequence  of  the  turn  gene- 
rally taken  by  the  scientific  activity  of  the  latter  half 
of  the  eighteenth  century;  for  while  nothing  waa 
added  to  our  knowledge  of  optical  laws,  the  chemical 
effects  of  light  were  studied  to  a  considenble  extent  by 
various  inquirers;'^  and  the  o[  n  o  at  wh  h  these 
peraons  arrived,  they  found  th  t   tl  ey    o  Id  express 
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most  readily,  in  consistency  with  tbe  reigning  chemi^ 
cal  views,  by  assuming  the  materiality  of  lights  It  is, 
however,  clear,  that  no  reasonings  of  the  inevitably 
vaffoe  and  doubtful  character  which  belon?  to  these 
p^ns  of  chemistry,  ought  to  be  aUowed  to  interfen 
with  the  steady  and  r^ular  progress  of  induction 
and  generalization,  founded  on  relations  of  space  and 
number,  by  which  procedure  the  mechanical  sciences 
are  formed.  We  reject,  therefore,  all  these  chemical 
speculations,  as  belonging  to  other  subjects;  and  con- 
sider the  history  of  optical  theory  as  a  blank,  till  we 
arrive  at  some  very  different  events,  of  which  we  have 
now  to  speak. 


CHAPTER  XI. 
Epoch  of  Youkg  and  Pbessel. 


Sect.  I. — InlToductior, 


pHEn 


e  must  occupy  the  most  distin- 


conBequenoe  of  what  he  did  in  reviving  and  establish- 
ing the  undulatory  theory  of  light,  is  Dr.  Thomas 
"ounjj.  He  was  bom  in  1773,  at  Milverton  in  Somer- 
Ktiihire,  of  Qtiakei-  parents;  and  after  distinguishing 
himself  during  youth  by  the  va.riety  and  accuracy  of 
'  '3  attainments,  he  settled  in  London  as  a  physician  ia 

?oi ;  but  continued  to  give  much  of  his  attention  to 
general  science.  His  optical  theory,  for  a  long  time, 
made  few  proselytes;  and  Beveral  years  afterwardu, 
Auguate  Fresnel,  an  eminent  French  mathematician 
and  engineer  officer,  took  up  Btinilar  yiews,  proved 
their  truth,  and  traced  their  consequences,  by  a.  series 
of  labours  almost  independent  of  those  of  Dr.  Young. 
It  was  not  till  the  theory  was  thus  re-echoed  from 
another  land,  that  it  was  able  to  take  any  strong  hold 
on  the  attention  of  the  coimtrynten  of  its  earlier  pro- 
mulgator. 

The  theory  of  undulations,  like  that  of  universsl 
gravitation,  may  bo  divided  into  Bcveral  successive 
steps  of  generalization.  In  both  cases,  all  these  steps 
were  made  by  the  same  persons;  but  there  is  this  dif- 
ference;— all  the  parts  of  the  law  of  universal  gravita- 
tion were  worked  out  in  one  burst  of  inspiration  by 
its  author,  and  published  at  one  time; — in  the  doctrine 
of  light,  on  the  other  hand,  the  different  steps  of  the 
advance  were  made  and  published  at  separate  times, 
with  intervals  between.  We  see  the  theory  in  a 
narrower  form,  and  in  detached  portions,  before  the 
•mdest  geaeralieatioae  and   priaciples    ot    'vmit'j   asa 
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reached;  we  see  the  authorB  Btruggling  with  the  dj 
cultiea  before  we  see  them  successful.     They  appear  tiTI 
ua  as   men  like  ourselvea,    liable  to  perplexity  and  1 
failure,  instead  of  coming  before  us,  aa  Newton  does  in 
the  hu<tory  of  Fhyaicol  Astronomy,  as  the  irreaistibie   ] 
and    almost    supomatui'al    hero    of    a  philosophical    i 


The  main  subdivisions  of  the  great  advance  in 
physical  optics,  of  which  we  have  now  to  give  an 
aocount,  are  the  following; — 

1.  The  explanation  of  the  periodiaal  colours  of  thin 
plates,  thick  plates,  fringed  shadows,  striated  sur&i!eB, 
and  other  phenomena  of  the  same  kind,  by  means  of 
the  doctrine  of  the  interferejice  of  undulations. 

2.  The  explanatioa  of  the  phenomena  of  doubh 
refraction  by  the  propagation  of  undulations  in  a 
medinm  of  which  the  optical  elasticity  is  different  in 
different  directions. 

3.  The  conception  of  polarixation  as  the  result  of 
the  vibrations  being  transverse;  and  the  consequent 
explanation  of  the  production  of  polarization,  and  the 
necessary  connexion  between  polarization  and  double 
refraction,  on  mechanical  principles. 

4.  The  explanation  of  the  phenomena  of  dipolarizcr 
Hofi,  by  means  of  the  interference  of  the  resolved  partt 
of  the  vibrations  after  double  refi-action. 

The  history  of  each  of  these   discoveries  will  be 
given  separately  to  a  certain  extent;  by  which 
the  force  of  proof  arising  from  their  combination 
be  more  apparent. 

Sect.  2. — Explanation  of  the  Periodical  Colours  qf . 
Plates  and  Shadoiae  by  the  Undulatcry  Theory. 

The  explanation  of  periodical  colours  by  the  princij 

of  interference  of  Tibrationa,  was  the  first  step  which 
Young  made  in  hia  confirmation  of  the  undulatory 
theory.  In  a  paper  on  Sound  and  Light,  dat«l 
Emmanuel  College,  Cambridge,  8th  July,  1799,  and 
read  before  the  Royal  Society  in  January  following,  he 
ajipears  to  incline  atrong\y  to  ftia'B.M.i^evium.'Cc^-c^-, 
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not  iowevet  offering  any  new  faots  or  ca!  dilution  a  in 
ita  fevour,  but  pointing  out  tLe  great  difficulties  of  the 
Newtonian  hypothesis.  But  in  a  paper  read  before 
the  Koyal  Society,  November  iz,  1891,  he  saye,  'A 
further  consideration  of  the  colours  of  thin  pluteg  has 
ennverted  that  preposaeBsion  which  I  before  enter- 
tained for  the  unditlatory  theory  of  light,  into  a  very 
strong  conviction  of  its  truth  and  efficiency ;  a  con- 
viction which  has  since  been  most  strikingly  confirmed 
by  an  analysis  of  the  colours  of  striated  aur/aeea.'  He 
here  states  the  general  principle  of  interierences  in 
the  form  of  a  proposition.  (Prop,  viii.)  'When  two 
undulations  from  different  origins  coincide  either  per- 
fectly or  very  nearly  in  direction,  their  joint  effect 
is  a  combination  of  the  motions  belonging  to  them.' 
He  explaiua,  by  the  help  of  this  proposition,  the 
colours  which  were  observed  in  Coventry's  micro- 
meters, in  which  instrument  lines  were  drawn  on 
^aas  at  a  distance  of  i-5ooth  of  an  incli.  The  inter- 
ference of  the  undulations  of  the  rays  reflected  from 
the  two  sidos  of  these  fine  lines,  produced  periodical 
colours.  In  the  same  manner,  he  accounts  for  the 
colours  of  thin  plates,  by  the  interference  of  the  light 
partially  reflected  from  the  two  surfaces  of  the  plates. 
We  have  already  seen  that  Hooke  had  long  before 
suggested  the  same  explanation ;  and  Young  saya  at 
the  end  of  his  paper,  '  It  was  not  till  I  had  mitisfied 
myself  respecting  all  these  phenomena,  that  T  funnd  in 
Hooke's  Sfierograplda  a  passage  which  might  have  led 
me  earlier  to  a  similar  opinion.'  He  also  quotes  from 
Newton  many  passages  which  assume  the  existence 
of  an  ether;  of  which,  as  we  have  already  seen, 
Newton  suggests  the  necessity  in  these  very  pheno- 
mena, though  he  would  apply  it  in  combination  with 
the  emission  of  material  light  In  July,  1802,  Young 
explained,  on  the  same  principle,  some  facts  in  indis- 
tinct vision,  and  other  similar  appearances.  And  in 
1803,'  he  speaks  more  positively  still.  '  In  making,' 
he  says,  '  some  experiments  on  the  fringes  of  colours 
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tuicompanying  shadows,  I  hav<;  found  eo  simple  an^H 
demonstrative  a  proof  of  the  geneiul  law  of  interfer^H 
of  two  portions  of  light,  which  I  have  already  eod^l 
youred  to  establish,  that  I  think  it  right  to  lay  bel^| 
the  Eoyal  Society  a  short  statement  of  the  facta  ff]|^| 
appear  to  me  to  be  thus  decisive,'     The  two  pa]l^| 
just  mentioned  certainly  ought  to  have  convinced<^| 
acientitic  men  of  the  truth  of  the  doctrine  thus  urgl^l 
for  the  number  and  exactness  of  the  explanntioD^H 
very  remarkable.      They  include  the   coloured  fno^l 
which   are    seen    with    the    shadows  of    fibres;   ^H 
colours  produced   by  a  dew  between  two  pieces  ^| 
glass,  which,  according  to  the  theory,  should  app^l 
when  the  thickness  of  the  plate   is  six  times  ^^k 
of  thin  plates,  and  which  do  so;   the  changes  resiq^l 
ing  from  the  employment  of  other  fluids  than  wstevB 
the    effect   of  inclining  the  plates;    also    the  fringed 
and  bands  which  accompany  shadows,  the  pbenoaienft 
observed  by  Grimaidi,  !Newton,  Maraldi,  aud  otbew, 
and  hitherto  never  at  all  reduced  to  rule.     Young 
observes,  very  justly,   'whatever  may  be  thoaght  of 
the  theory,  we  have  got  a  simple  and  general  law'  o( 
the  phenomena.     ITe  moreover  calculated  the  length 
of  an  undulation  from  the  measurements  of  fringes  of 
shadows,  as  he  had  done  before  from  the  colours  of 
thin  plates;  and  found  a  very  close  accordance  of  the 
results  of  the  various  cases  with  one  another. 

There  is  one  difficulty,  and  one  inaccuracy,  in  Young's 
views  at  this  period,  which  it  may  be  proper  to  note. 
The  difficulty  was,  that  he  found  it  necessary  to 
suppose  that  light,  when  reflected  at  a  rarer  medium, 
is  retarded  by  half  an  undulation.  This  assumption, 
though  often  urged  at  a  later  period  as  an  argument 
against  the  theory,  was  fully  justified  as  the  mecli&mc*l 
principles  of  the  subject  were  unfolded;  and  the 
necessity  of  it  was  clear  to  Young  from  the  first.  On 
the  strength  of  tliis,  says  he,  '  I  ventured  to  predict, 
that  if  the  refiections  wei'e  of  the  same  kind,  made  at 
Lthe  surfaces  pf  a  thin  plate,  of  a  density  intermecl 
netween  the  densities  of  the  mediums  sarroiu 
St,  tlie  centrat  apot  woM\4\»'H\ite-,  and  I  haveji 
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tbe  plea<nire  of  stating,  tliat  I  have  fully  verified  tliia 
predictioa  by  mWqxiaiiig  a  drop  of  oil  of  sassafras 
between  a.  pi-ism  of  flint-gluss  and  a  lens  of  crown- 

The  inaccnraoy  of  his  caloulfttiona  consiateJ  in  his 
considering  the  estenial  fringe  of  abadowa  to  be  pro- 
duced by  the  interference  of  a  ray  refieeled  from  the 
edge  of  the  object,  with  a  ray  which  passes  clear  of  it; 
instnad  of  supposing  all  the  parts  of  the  wave  of  light 
to  corroborate  or  iuterfere  with  one  another.  The 
matheEoatical  treatment  of  the  question  on  the  latter 
hypothesis  was  by  no  meana  easy.  Young  was  a 
mathematician  of  considerable  power  iu  the  solution 
of  the  problems  which  «ime  before  him :  tiiough  hia 
methods  possessed  noue  of  the  analytical  elegance 
which,  iu  his  time,  had  become  general  in  France. 
Bat  it  does  not  appear  that  he  ever  solved  the  problem 
of  nndulatioua  as  applied  to  friugea,  with  its  true  con- 
ditions. He  did,  however,  rectify  his  conceptions  of 
the  nature  of  the  interference  ^  and  we  may  add,  that 
the  numerical  errour  of  the  consequences  of  the  defective 
hypothesis  is  not  such  as  to  prevent  their  conlii'miiig 
the  undulatory  theory.'' 

But  though  this  theory  was  thus  so  powerfully 
recommended  by  experiment  and  calculation,  it  met 
with  little  favour  in  the  scientific  world.  Perhaps  this 
will  be  in  some  measure  accounted  for,  when  we  come, 
in  the  nesb  chapter,  to  speak  of  the  mode  of  its  recep- 
tion by  the  supposed  judges  of  science  and  letters.  Its 
author  went  on  labouring  at  the  completion  and  appli- 
cation of  the  theory  in  other  piLrts  of  the  aubject;  but 
his  extraordinary  success  in  imravelling  the  complex 
phenomena  of  which  we  have  been  apeakiug,  apjiears 
to  have  excited  none  of  the  notice  and  admiration 
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which  properly  belonged  to  it,  till  Freaners  Mem(A 
On  Dijf'raction  was  delivered  to  the  Inatitiite,  i 
Ootober,  1815, 

MM.  Arago  and  Poinsot  werecoTOinissioiied  to  n; 
a  report  upon  this  Memoir;  and  the  former  of  tlie« 
philosophers  tlirew  himself  upon  the  subject  with  1 
xeal  and  intelligence  which  peculiarly  belonged  to  him. 
He  verified  tlie  laws  aunoiinoed  by  Fresiiel :  '  laws,'  be 
Bays, '  which  appear  to  me  destined  to  make  an  epoch 
in  science.'  He  then  cast  a  rapid  glance  at  the  liiatoiy 
of  the  subject,  and  recognized,  at  once,  the  place  whidi 
Young  occupied  in  it.  Grimaldi,  Newton,  Maraldi,  he 
Btateft,  had  observed  the  facts,  and  tried  in  vain  to 
reduce  them  to  rule  or  cause.  '  Such'  was  the  state  of 
our  knowledge  on  this  difficult  queetion,  when  Dr, 
Thomas  Youug  made  the  very  remarkable  experiment 
which  ia  desciibed  in  the  Pkilmophical  Transaction^ 
for  1803;'  namely,  that  to  obliterate  all  the  bands 
within  the  shadow,  we  need  only  stop  the  ray  which 
is  going  to  graze,  or  has  grazed,  one  border  of  tlie_ 
object.  To  this,  Arago  added  the  important  obae: 
tion,  that  the  same  obliteration  takes  place,  if  v 
the  rays  with  a  transpEirent  plate;  except  the  plate  Bi 
very  thin,  in  which  case  the  bands  are  displaced,  sw 
not  extinguished.  'Freanel,'  says  he,  'giiesspd  the 
effect  which  a  Uiin  plate  would  produce,  when  I  had 
told  liim  of'  the  effect  of  a  thick  glass.'  Fresuel 
himself  deaiares*  that  he  was  not,  at  the  time,  aware 
of  Young's  previous  labours.  After  stating  nearly  the 
same  reasonings  concerning  fringes  which  Young  had 
put  forward  in  1801,  he  adds,  'it  is  therefore  the_ 
meeting,  the  actual  crossing  of  the  rays,  which  produc 
the  fringes.  Tliis  consequence,  wluch  is  only,  » 
speak,  the  translation  of  the  phenomenon,  seems  to  S 
entirely  opposed  to  tlie  hypothesis  of  emission 
confirms  the  system  which  makes  light  consist  i' 
vibrations  of  a  peculiar  fluid.'  And  thus  the  Frincidj 
of  Interferences,  and  the  theory  of  undulations,  so  6 
as  that  principle  depends  upon  the  theo 
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time  established  by  Fresne]  in  Fr/ince,  fom-teen  years 
after  it  had  been  discovered,  folly  jiroved,  and  repeatedly 
published  by  Young  in  England 

In  tbia  Memoir  of  Presnel's,  he  takes  very  nearly 
the  same  course  iis  Young  had  done;  considering  the 
interference  of  the  direct  light  with  that  reflectud  at 
the  edge,  as  the  cause  of  the  external  fringes ;  and  he 
obaervea,  that  in  this  reflection  it  is  necessary  to 
luppose  half  an  imdulatioa  lost ;  tint  a  few  yeai-s  later, 
he  cuDitidered  the  propagation  of  nndulaticna  in  a  more 
true  and  general  manner,  and  obtained  the  aoliition  of 
tlda  difficulty  of  the  half -undulation.  His  more 
complete  Memoir  011  Diffraction  was  delivered  to  the 
Institute  of  France,  July  29,  i8t8;  and  had  the  prize 
awarded  it  in  1819;'  but  by  the  delays  which  at  that 
period  ocQiirred  in  tlie  publication  of  the  Faridan 
Academical  Transadions,  it  was  not  published^  till 
1826,  when  the  theory  was  no  longer  generally  doubtful 
or  unknown  in  the  scientilic  world.  In  this  Memoir, 
Fresnel  obsers'es,  that  we  must  consider  the  effect  of 
every  portion  of  a  wave  of  light  upon  a  diiitant  point, 
and  m.ust,  on  this  principle,  find  the  illumination 
produced  by  any  number  of  such  waves  toijether. 
Hetice,iugeneral,  the  process  of  integration  is  requisite; 
and  though  the  integrals  which  here  offer  themselvea 
are  of  a  new  and  diificult  kind,  lie  succeeded  in  making 
the  calculation  for  the  cases  in  which  he  es])eriniented. 
His  TaiUo/theCorrea/Knideitces  of  Theory  and  Observa- 
tion^ is  very  remarkable  for  the  closeness  of  the 
^;reement;  the  errours  being  generally  less  than  one 
hundredth  of  the  whole,  in  the  distances  of  the  black 
bnnds.  He  justly  adds,  '  A  m.ore  striking  agreement 
could  not  be  expected  between  experiment  and  theory. 
If  we  compare  the  timallneBS  of  the  differences  with  the 
extent  of  the  breadths  measured)  and  if  we  remark 
the  great  variations  which  a  and  6  (the  distance  of  the 
object  from  the  luminous  point  and  from  the  screen) 
have  received  in  the  different  observations,  we  shall 
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A  mathematical  theory,  applied,  vith  this  success, 
to  a  variety  of  cases  of  very  di^'erent  kinds,  coald 
not  DOW  fail  to  take  strong  hold  of  the  attention  of 
mathematioiana ;  and  accordingly,  from  this  time,  tlia 
nndulatory  doctrine  of  diflraction  has  been  generally 
aaaented  to,  and  the  mathematical  difficulties  which  it 
inTolves,  have  been  duly  studied  and  struggled  with. 

Among  the  remarkable  applications  of  the  undu- 
latory  doctrine  to  diifraction,  we  may  notice  those 
of  Joseph  Fraunhofer,  a  mathematical  optician  of 
MunicL  He  made  a  great  number  of  experimcnU  on 
the  shadows  produced  by  Bniall  holes,  and  groups  of 
small  holes,  very  near  each  other.  These  were  pub- 
lished^ in  his  New  ModiJiaUions  of  Light,  in  1823. 
The  gi-eater  part  of  thin  Memoir  is  employed  in  tra<ang 
the  laws  of  phenomena  of  the  extremely  complex  and 
splendid  appearances  "which  he  obtained ;  but  at  the 
conclusion  he  observes,  '  It  is  remarkable  that  the  lavs 
of  the  reciprocal  influence  aud  of  the  didroction  of  the 
rays,  can  be  deduced  from  the  principles  of  the  undu- 
latory  theory;  knowing  the  conditions,  we  may,  hy 
means  of  an  extremely  simple  equation,  determine  the 
extent  of  a  luminous  wave  for  each  of  the  different 
colours;  and  iu  every  case,  the  calculation  corresponds 
with  observation.'  This  mention  of  'an  extremely 
simple  equation,'  appears  to  imply  that  he  employed 
only  Young's  and  Fresnel'a  earlier  mode  of  calculating 
interferences,  by  considering  two  portions  of  light,  and 
not  the  method  of  iutegi-jition.  Both  from  the  late 
period  at  which  they  were  published,  and  from  the 
absence  of  niathematioal  details,  Fraunhofer's  labours 
had  not  any  strong  influence  on  the  establishment  of 
the  nndulatory  theory;  although  they  are  excelielrf 
verifications  of  it,  both  tVom.   the   goodn* 
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observations,  and  tlie  complexity  and  beauty  of  tlie 
phanomm.. 

"We  have  now  to  consider  the  progress  of  the  undu- 
latory  theory  in  another  of  its  departments,  according 
to  the  divisioa  ah^aUy  stated. 

Sect.  3. — Explanation  of  Dmtble  Refraction  by  the 
Undvlatory  TJieory. 

We  have  traced  the  history  of  the  unduktory  theory 
applied  to  difl'mctiou,  into  the  period,  when  Young 
cajne  to  have  FreHoel  for  his  fellow-labouier.  But  in 
the  mean,  time,  Young  had  considered  the  theory  in  its 
reference  to  other  phenomena,  and  especially  to  those 
of  double  refraction. 

In  this  case,  indeed,  Huyghens's  explanation  of  the 
&otB  of  Iceland  spar,  by  means  of  spheroiilal  undula- 
tifliia,  vas  so  complete,  and  had  Iseen  so  fully  confirmed 
by  the  meaanrements  of  Haiiy  and  Wollaaton,  that 
little  remained  to  be  done,  except  to  connect  the 
Huyghenian  hypothesis  with  the  mechanical  views 
belonging  to  the  theory,  and  to  extend  his  law  to 
other  cases.  The  tbrmer  part  of  this  task  Young 
executed,  by  remarking  that  we  may  conceive  the 
daelicity  of  the  crystal,  on  which  the  velocity  of  pro- 
pagation of  the  liiminiferous  un.dulatiou  depends,  to  be 
different,  in  the  direction  of  the  crystal logniphic  axis, 
and  in  the  direction  of  the  piajies  at  right  angles  to 
this  axis;  and  from  such  a  difl'erenoe,  he  deduces  the 
existence  of  spheroidal  undulations.  This  suggestion 
appeared  in  the  QuMrteHy  Jieview  for  November,  1809, 
in  a  critique  upon  an  attempt  of  Laplace  to  account 
for  the  same  phenomenon.  Lajjlace  had  projiofied  to 
reduce  the  double  refmction  of  such  crystals  as  Iceland 
spar,  to  his  favourite  machinery  of  fitrces  which  are 
sensible  at  small  distances  only.  The  peculiar  forces 
which  produce  the  eifect  in  this  case,  ho  conceives  to 
emanate  from  the  erystallographic  axis;  so  that  the 
velocity  of  light  within  the  crystal  will  depend  only  on 
the  situation  of  the  ruy  with  respect  to  this  eiXia,  ^viX. 
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the  eetablishmeut  of  this  condition  is,  as  ^ 
observes,  the  tnain  difficulty  of  the  problem, 
are  we  to  conceive  refracting  forces,  independent  a 
the  aur&ce  of  the  reiracting  medium,  and  regalated 
only  by  a  certain  internal  line!  Moreorer,  the  law  of  | 
force  which  Laplace  was  obliged  to  assume,  namely, 
that  it  varied  aa  the  square  of  the  sine  of  the  angle 
which  the  ray  made  with  the  axis,  could  hardly  he 
ciled  with  mechanical  principles.  In  the  critique 
intjoned.  Young  appears  to  feel  that  the  unju- 
latory  theory,  and  perhaps  be  himself,  had  not  reeeivoJ 
justice  at  the  hands  of  men  of  science;  he  complains 
that  a  person  so  eminent  in  the  world  of  science  as 
Laplace  then  was,  should  employ  his  influence  in  pro- 
pagating errour,  and  should  diar^ard  the  extraordinsrj 
confirmations  which  the  Huyghenian  theory  had  re- 
cently received. 

The  extension  of  thi  a  view,  of  the  different  elasticity 
of  cryetals  in  different  directions,  to  other  than  unisxal 
crystals,  was  a  more  complex  and  difficult  problem. 
The  general  notion  was  perhajis  obvious,  after  what 
Toung  had  done;  but  its  application  and  verification 
involved  mathematical  calculations  of  great  generality, 
and  required  also  very  exact  experimenta.  In  fact, 
this  application  was  not  made  till  Freanel,  a  pupil  of 
the  Polytechnic  School,  bi-ought  the  resources  of  the 
modem  aEalysis  to  bear  upon  the  problem  ; — till  the 
phenoraeoa  of  dipolarized  light  presented  the  proper- 
ties of  biaxal  cryRtals  in  a  vast  variety  of  forms; — 
and  till  the  theory  received  its  grand  impulse  by  th» 
combination  of  the  explanation  of  polarization  with 
the  explanation  of  do»ible  refraction.  To  the  histoiy 
of  this  last-mentioned  great  step  we  now  proceed.       '~ 


-Explanation  of  Polarvaitim 
Undulatory  Tlxory. 


hythe 


Eves  while  the  only  phenomena  of  polarisation  v 
were  known  were  those  which  affect  the  two  ii 
in  Iceland  spar,t\ie  difficmlt^  •Hhich  these  facts  s 
at  first  to  tlirow   m  One  -wa^  <i?  ■Oa^  M.-o&Mia.Xrarj  -Oft* 
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and  acknowledged  by  Young.  Malua'a  (iia- 
oi  polarization  by  reflection  inereased  tbe  dif- 
ficulty, and  this  Yoiing  did  not  attempt  to  oouceal. 
In.  hia  review  of  the  papers  containing  this  discovery'* 
lie  aaya,  'The  diaeovery  related  in  these  papers  appears 
to  us  to  be  by  far  the  most  important  and  interesting 
wliicU  has  been  made  in  France  concerning  the  pro- 
pertita  of  light,  at  least  since  the  time  of  Huyghens; 
imd  it  is  30  much  the  more  deserving  of  notice,  as  it 
greatly  influences  the  general  balance  of  evidence  in 
the  oomparison  of  the  undnlatory  and  projectile  theo- 
ries of  the  nature  of  light.'  He  thea  proceeds  to 
point  oat  the  jaain  features  In  this  oompariaon,  claim- 
ing justly  a  great  advantage  for  the  theory  of  undula- 
tions on  the  two  points  vre  ha,ve  been  considering,  the 
phenomena  of  difiruction  and  of  double  refraction. 
And  he  adds,  with  reference  to  the  embarrassment 
introduced  by  polarization,  that  we  are  not  to  expect 
the  course  of  scientiSe  discovery  to  run  smooth  and 
uninterrupted;  but  thai  we  are  to  lay  our  account 
with  partial  obscurity  and  seeming  contradiction, 
which  we  may  hope  that  time  and  enlai^d  research 
will  dissipate.  And  thus  he  steadfastly  hold,  with  no 
btind  prejudice,  but  with  unshaken  confidence,  his 
p«at  philosophical  trust,  the  fortunes  of  the  undulatory 
WOD/ey.  It  is  here,  after  the  difficulties  of  polarization 
lutd  come  into  view,  and  before  their  solution  had  been 
diBoorered,  that  we  may  place  the  darkest  time  of 
'Uie  history  of  the  theory;  and  at  this  period  Young 
ms  alone  in  the  field. 

It  does  not  appear  that  the  light  dawned  upon  him 
fiit  some  years.  *  In  the  mean  time,  Yonng  found  that 
lus  theory  would  explain  dipolarized  colours;  and  he 
Ii»d  tbe  satisfaction  to  see  Fresnel  re-discover,  and 
31.  Arago  adopt,  hw  views  on  diflraction.  He  became 
sngKgod  in  friendly  intercourse  with  the  latter  phjlo- 
JH^her,  who  visited  him  in  England  in  1816.  On 
wfmoB-rj  the  i2tb,  1817,  in  writing  to  this  gentleman, 
Among  other  remarks  on  the  subject  of  optics,  he  says, 


k 
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'  I  have  also  been  reflecting  on  the  possibility  of  giving 
au  imperfect  e^cplanatioa  of  the  affection  of  light  whioh 
coiutitittee  polarizatios,  without  departing  trom  the 
genuine  doctrine  of  nndalation.'  He  then  proceeds  to 
suggest  the  possibility  of  'a  transverse  vibration,  pro- 
pagated in  the  direction  of  the  radluEi,  the  motioDB  tif 
the  particles  being  in  a  certain  constant  direction  mtk 
respect  to  that  radius ;  and  this,'  Le  adds,  '  is  pola/riza- 
tion.'  From  his  further  explanation  of  his  views,  it 
appears  that  he  conceived  the  motions  of  the  particlM 
to  be  oblique  to  the  direction  of  the  ray,  and  not 
perpendicular,  as  the  theory  was  afterwards  framwi; 
bat  stUI,  here  was  the  essential  condition  for  the  ex- 
planation of  the  &cts  of  polarization,— the  transverse 
natnre  of  the  vibrations.  This  idea  at  once  made  it 
possible  to  conceive  how  the  raya  of  light  could  have 
tides;  for  the  direction  in  which  the  vibration  vu 
transrerse  to  the  ray,  might  be  marked  by  peculiu 
properties.  And  afber  the  idea  was  once  st£u:ted,  it 
\™s  comparatively  easy  for  men  like  Young  and  fresnel 
to  pursue  and  modify  it  till  it  assumed  its  true  uid 
distinct  form. 

We  may  judge  of  the  difficnlty  of  taking  firmly  hold 
of  tie  conception  of  transverse  vibrations  of  the  ether, 
as  those  which  constitute  light,  by  observing  how  long 
the  great  philosophers  of  whom  we  are  speaking 
ling^vd  within  reacb  of  it,  before  they  ventured  to 
gi«!p  it.  Fresnel  says,  in  iSsi,  'When  M.  Arago 
and  I  had  remarked  ^in  1816}  that  two  rays  polarised 
at  right  angles  always  give  the  same  quantity  of  ligiit 
by  their  union,  I  thought  this  might  be  explained  by 
BUMMsing  the  vibrations  to  be  transvei^e,  and  to  be  at 
ri^t  angles  when  the  rays  are  polarized  at  right 
•a^cs.  But  this  snjiposition  was  so  conti'ary  to  the 
n«aT«d  iileas  on  tie  natnre  of  the  vibrations  of 
«laatie  fluids,'  that  fVesnel  hesitated  to  adopt  it  till  he 
Mtutd  reconcile  it  bvtt«r  to  his  mechanical  notiona 
*  Hr.  Young,  more  bold  in  his  conjectures,  and  less 
coafiding  in  th*  views  of  geometer*,  published  it  before 
U^  tbougk  petWps  \w  \Wa^\.  \^  a&ei;   me.'     And 
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M.  Arago  was  afterwards  wont  to  relate'"  that  when 
he  and  Fresnel  had  obtained  their  joint  eKperimental 
results,  of  the  uon-interfereace  of  oppositely-polarized 
pencils,  SJid  when  Fresnel  pointed  out  that  transTei'se 
vibrations  were  the  only  possible  translation  of  this 
fact  into  the  uiidulatory  theory,  he  himself  protested 
that  he  had  nut  courage  to  publish  such  a  conception; 
And  accordingly,  the  aecoud  part  of  the  Memoir  was 
published  in  Fresnel's  name  aloue.  What  renders  this 
more  remarkable  is,  that  it  occurred  when  M.  Arago 
had  in  his  possession  the  very  letter  of  Young,  in 
which  he  proposed  the  same  suggestion. 

Youngs  first  published  statement  of  the  doctrine  of 
transverse  vibrations  waa  given,  in  the  explanation  of 
the  phenomena  of  dipolarization,  of  which  we  shall 
have  to  speak  in  the  next  Section,  But  the  primary 
ind  immense  value  of  this  conception,  as  a  step  in  the 
progress  of  the  iindulatory  theory,  was  the  connexion 
vhich  it  established  between  polarization  and  double 
lefi-action ;  for  it  held  forth  a  promise  of  accounting 
for  polarization,  if  any  conditions  could  be  found 
which  might  determine  what  was  the  direction  of  the 
transverse  vibrations.  The  analysis  of  these  conditions 
is,  in  a  great  measure,  the  work  of  Fresnel ;  a  task 
performed  with  profound  philosophical  sagacity  and 
great  mathematical  skill. 

Since  the  double  refraction  of  uniaxal  crystals  could 
be  explained  by  undulations  of  the  form  of  a  spheroid, 
it  was  perhaps  not  difficult  to  conjecture  that  the 
undulations  of  biaxal  crystals  would  be  accounted  for 
by  undulations  of  the  form  of  an  ellipoid,  wliich 
differs  from  the  spheroid  in  having  its  three  axes 
unequal,  instead  of  two  only ;  and  consequently  has 
that  Tery  relation  to  the  other,  iji  respect  of  symmetry, 
which  the  crystalline  and  optical  phenomena  have. 
Or,  again,  instead  of  supposing  two  different  degrees 
of  elMticity  in  different  directions,  we  may  suppose 
three  such   different  degrees  in   directions  at  nght 

iu  \  take  the  liberty  of  atatlag  Ihii  frutn  ptrsoDKl  knowledge. 
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angles  to  each  other.     This  kind  of  generalization  w«s 
tolerably  obvious  to  a  practised  mathematician. 

But  what  shall  call  into  play  all  these  elasticitiei  at 
once,  and  produce  waves  governed  hy  each  of  theml 
And  what  shall  explain  the  ditT^rent  {lolarization  of 
the  rays  which  these  separate  waves  carry  with  them) 
These  were  difficult  ijaestions,  to  the  solution  of  which 
mathemHtical  cuiculatiou  had  hitherto  been  unable  to 
ofier  any  aid. 

It  was  here  that  the  conception  of  transverse  vibrs- 
tioos  came  in,  like  a  beam  of  sunlight,  to  disclose  the 
possibility  of  a  mechanical  connexion  of  all  th^efiict!, 
If  transverse  vibrations,  travelling  through  a  uniform 
medium,  come  to  a  medium  not  uniform,  but  con- 
stituted so  that  the  elasticity  shall  he  different  in 
different  directions,  in  the  manner  we  have  described, 
what  will  be  the  coui-se  and  condition  of  the  waves  in 
the  second  medium?  Will  the  effects  of  such  waves 
agree  with  the  phenomena  of  doubly-refracted  light  in 
biaxal  crystals '(  Here  was  a  problem,  striking  to  lie 
matbematiciau  for  its  generality  and  dilSoulty,  andof 
deep  interest  to  the  physical  philosopher,  faecauso  tlie 
fate  of  a  great  theory  depended  upon  its  solution. 

The  solution,  obtained  by  great  mathematical  skill, 
was  laid  before  the  Pi-ench  Institute  hy  Fresnel  in 
NovembeTj  182:,  and  was  carried  further  in  two 
Memoirs  presented  in  1822.  Its  import  is  veiy 
curious.  The  undulations  which,  comuig  from  » 
distant  center,  fall  upon  such  a  medium  as  we  haw 
described,  are,  it  appears  from  the  principles  of 
raechanica,  propogateid  in  a  manner  (jnite  different 
from  anything  which  had  been  anticipated.  The 
'  surface  of  the  waves'  (that  is,  the  surface  which 
would  bound  undulations  divef^ing  from  a  point),  is  a 
very  complex,  yet  synametrical  curve  surface  ;  which, 
in  the  case  of  uniaxal  crystals,  resolves  itself  into  a 
sphere  and  a  spheroid ;  but  which,  in  general,  forms  s 
continuous  double  envelope  of  the  centiiil  point  to 
which  it  belongs,  intersecting  itself,  and  retnniing  into 
itself.     The  directions  of  the  rays  ai-e  determined  by 
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crystals  they  are  determined  by  tlie  sphere  and  the 
apUeroid;  and  the  result  is,  that  in  biaxa)  crjatals, 
boUi  raja  suffer  extraoi-dinary  refi-action  according  to 
det^'minate  laws.  And  the  pwitions  of  the  planes  of 
polari2atk>D  of  the  tvo  rays  follow  from  the  same 
investigation;  the  plane  of  polarization  in  every  case 
being  supposed  to  be  that  which  is  perpendicular  to 
the  transverse  vibrations.  N  ow  it  ap[>eared  that  the 
pohtrization  of  the  two  rays,  aa  determined  by  Freanel'a 
theory,  would  be  in  directions,  not  indeed  exactly 
accordant  with  the  luw  deduced  by  M.  Biot  from 
experiment,  but  deviating  so  little  from  those  dircc- 
~ons,  that  there  could  be  small  doubt  that  the  enipi- 
ical  formula  was  wrong,  and  the  theoretical  one 
ight. 
The  theory  was  fiirther  confirmed  by  an  experiment 
showing  that,  in  a  biaxal  ci-ystal  (topaz),  neither  of 
the  raya  was  reiraoted  according  to  the  ordinary  law, 
though  it  had  hitherto  been  aupposed  that  one  of 
them  wfta  so; — -a  natural  inaccuracy,  since  the  errour 
was  BtnalL^^  Thus  this  beautiful  theory  corrected, 
while  it  eKplaiued,  the  best  of  the  observations  which 
had  previously  been  made ;  and  offered  itself  to  mathe- 
nuiticiana  with  an  almost  irreaiatible  power  of  convic- 
tion. The  explanation  of  law^  so  strange  and  diverse 
as  those  of  double  refraction  And  polarization,  by  the 
same  general  and  symmetrical  theory,  could  not  result 
fi-om  anything  but  the  truth  of  the  theory. 

'  Long,'  saya  Freanel,'^  '  before  I  had  conceived  this 
theory,  I  had  convinced  myself,  by  a  pure  contempla- 
tion of  the  iacta,  that  it  was  not  posaible  to  discover 
the  true  explanation  of  double  refraction,  without 
explaiuing,  at  the  same  time,  the  phenouietia  of  polari- 
zaUon,  which  always  goes  along  with  it ;  and  accord- 
ingly, it  was  after  having  found  what  mode  of  vibration 
couHtituted  polarization,  that  I  caught  sight  of  the 
mechanical  causes  of  double  refraotiou.' 

Having  thus  got  possession  of  the  principle  of  the 
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mechanism  of  polariMition,  Fresnel  proceeded  to  apply 
it  to  the  other  cases  of  polarized  light,  with  a  rapidity 
and  sagacity  which  reminds  us  of  the  spirit  in  whieli 
Newton  traced  out  the  consequences  of  the  principle 
of  universal  gravitation.  In  the  execution  of  his 
task,  indeed,  Freanel  was  forced  upon  several  preca- 
rious assumptions,  which  make,  even  jet,  a  wide 
difference  between  the  theory  of  gravitation  and  that 
of  light.  But  the  mode  in  wbiah  tiiese  were  con- 
firmed hy  experiment,  compels  ua  to  admirt;  the 
happy  appaj^nt  boldness  of  the  calculator. 

The  subject  of  pola/rvsaiio-n  by  reflection  was  one  of 
those  which  seemed  moat  untractabie;  but,  by  means 
of  various  artifices  and  conjectures,  it  was  broken  up 
and  subdued.  Fresnel  began  with  the  simplest  case, 
the  reflection  of  light  polarized  in  the  plane  of  refleo- 
tioD ;  which  he  solved  by  means  of  the  laws  of  collision 
of  elastic  bodies.  He  then  took  the  reflection  of  light 
polarized  perpendicularly  to  this  plane;  and  here, 
adding  to  the  general  mechanical  principles  a  hypo- 
thetical assumption,  that  the  communication  of  the 
resolved  motion  parallel  to  the  refracting  siirfeoe, 
takes  place  ELCCording  to  the  laws  of  clastic  bodies,  he 
obtains  his  formula.  These  results  were  capable  of 
comparison  with  experiment;  and  the  comparison, 
when  made  hy  M.  Arago,  contirmed  the  formnlw. 
They  accounted,  too,  for  Sir  J).  Brewster's  law  con- 
cerning the  polarizing  angle  (see  Chap,  vi.);  and  thia 
could  not  but  be  looked  upon  as  a  striking  evidence  of 
their  having  some  real  foundation.  Another  aitifice 
which  MM.  Fresnel  and  Arago  employed,  in  order  to 
trace  the  effect  of  reflection  upon  common  light,  wm 
to  use  a  ray  polarized  in  a  plane  making  half  a  rt^t 
angle  with  the  plane  of  reflection ;  for  the  quantitiea 
of  the  oppositely^^  polarized  light  in  such  an  incident 
ray  are  eqnal,  as  they  are  in  common  light;  hut  the 
relative  quantities  of  the  oppositely  polarized  light  in 
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the  reflected  ray  are  indicated  by  the  new  plane  of 
pol&rizatioD ;  and  thtis  these  relative  quantities  become 
known  for  the  caae  of  common  light.  The  i-esulta 
thus  obtained  were  also  confirmed  by  facta;  and  in 
tbia  maTmer,  all  that  wa-i  doulitfiil  in  the  process  of 
Freeuel's  reasoning,  seetued  to  be  authorized  by  its 
application  to  real  cases. 

These  investigations  were  published'*  in  1821.  In 
succeeding  years,  Fresnel  midertiwk  to  extend  the 
application  of  his  formula  to  a  case  in  which  they 
ceased  to  have  a,  meaning,  ar,  in  the  language  of 
mathematicians,  became  imaginary ;  namely,  to  the 
case  of  internal  reSection  at  the  surface  of  a  transparent 
body.  It  may  seem  strange  to  those  who  are  not 
mathematicians,  but  it  is  undoubtedly  true,  that  in 
many  coses  in  which  the  solution  of  a  problem  directs 
impossible  arithmetical  or  algebraical  operations  to  be 
performed,  these  directions  may  be  so  interpreted  as 
to  point  out  a  true  solution  of  the  question.  Sucli  an 
interpretation  Fresnel  attempted'^  in  the  case  of  which 
we  now  speak;  and  the  result  at  which  he  arrived 
was,  that  the  reflection'  of  light  through  a  rhomb  of 
glass  of  a  certain  form  (since  called  FretneTg  rhomb), 
would  produce  a  polarization  of  a  kind  altogether  diffe- 
rent from  those  which  his  theory  had  previously  oou- 
ndered,  namely,  that  kind  which  we  have  spoken  of  as 
eia^fuZar  polanxation.  The  complete  confirmation  of 
this  curious  and  unexpected  result  by  trial,  is  another 
of  the  extraordinary  triumphs  which  have  distin- 
guished the  hiatoiy  of  the  theory  at  every  step  since 
the  commencement  of  Fresnel'a  labours. 

But  anything  further  which  haa  been  done  in  tliia 
way,  may  be  treated  of  more  properly  in  relating  the 
TOnfication  of  the  theory.  And  we  have  still  to  sjjeak 
of  the  moat  numerous  and  varied  class  of  facts  to 
which  rival  theories  of  light  were  applied,  and  of  the 
establishment  of  the  undulatory  doctrine  in  refe- 
rence to  that  department;  I  mean  the  phenomena  uf 
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depolarized,  or  ratherj  ae  I  have  already  said,  di'jw- 
larized  light. 

Seat.  ^.~~Explaaiation  of  Dipolarization  by  Of- 
Uttdidnktory  Tha»-y. 

When  Arago,  in  18  n,  had  discovered  the  colours 
produced  by  polarized  light  passing  through  certain 
crystals,'"  it  was  natural  that  attempts  should  be 
made  to  reduce  them  to  theory.  M.  Blot,  animated 
by  the  succqbb  of  Malua  iu  detecting  the  lawa  of  double 
refraction,  and  Young,  knowing  the  resources  of  hia 
own  theory,  were  the  first  persona  to  enter  upon  tHa 
undertaking.  M.  Biot's  theory,  though  in  the  end 
disjilaced  by  its  rival,  is  well  worth  notice  in  the 
history  of  the  subject.  It  was  what  he  called  the 
doctrine  of  moveaiie  polarization.  He  conceived  that 
when  the  molecules  of  light  pass  through  thin  crystal- 
line plates,  the  plane  of  polarization  undergoes  an 
oscillation  which  carries  it  backwards  and  forwards 
through  a  certain  angle,  namely,  twice  the  angle  con- 
tained between  the  original  plane  of  polarization  and 
the  principal  section  of  the  crystal.  The  intervals 
which  this  oscillation  occupies  are  lengths  of  the  path 
of  the  ray,  very  luioute,  and  different  for  different 
colours,  like  Newton's  fits  of  easy  transmission ;  on 
which  model,  indeed,  the  new  theory  was  evidently 
framed.'''  The  colours  produced  in  the  phenomena  of 
dipolarization  really  do  depend,  in  a  periodical  manner, 
on  the  length  of  the  path  of  the  light  through  the 
crystal,  and  a  theory  such  aa  M.  Biot's  was  capable  of 
being  modified,  and  was  modified,  so  as  to  include  the 
leading  features  of  the  facta  as  then  known ;  but  many 
of  its  conditions  being  founded  on  special  circurastaneea 
in  the  experiments,  and  not  on  the  real  conditions  of 
nature,  thei-e  were  in  it  several  incongruities,  as  weB    ' 


'"  See  chsp.  ii. 
!0  sni!  Biot's  MemolrH,  JV/m.  Irut.  1 
Sii  is  a  ilfmait  ofM.  filot'e  (pobiiihed  iBi4}t  *1» 
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as  the  general  defect  of  its  being  an  avbitraj-y  and 
unconnected  hypothefiiB. 

Young's  mode  of  acconnting  for  the  brilliaat  pheno- 
mena of  dipolarization  appeared  in  the  Qimrlerly 
Review  for  1814.  After  noticing  the  discoveries  of 
MM.  An^o,  Brewster,  and  Biot,  he  adds,  '  We  have 
no  doubt  that  the  surprize  of  these  gentlemen  will  be 
as  great  as  our  own  satis&ctioti  in  finding  that  they 
are  perfectly  reducible,  like  other  causes  of  recurrent 
ooloura,  to  the  general  laws  of  the  interference  of  light 
which  have  been  eataliliahed  in  thia  country;'  giving  a 
reference  to  his  former  statements.  The  results  are  then 
explained  by  the  interference  of  the  ordinary  and  extra- 
ordinary ray.  But,  aa  M.  Arago  properly  observes, 
in  hia  account  of  this  matter,'"  'It  must,  however,  be 
added  that  Dr.  Young  had  not  explained  either  in  what 
Bircumstances  the  Interference  of  the  rays  can  talie 
place,  nor  why  we  see  no  eoloats-  unless  the  crystallissed 
plates  are  exposed  to  light  previously  polarized.'  The 
explanation  of  the«e  circumstances  depends  on  the  laws 
of  interfei'ence  of  polarized  light  which  MM.  Arago 
and  Freanel  established  in  1816.  They  then  proved, 
by  direct  experiment,  that  when  polarized  light  was 
Seated  so  as  to  bring  into  view  the  most  marked 
phenomena  of  interference,  u.amely,  the  bands  of 
shadows ;  pencils  of  light  which  have  a  common  origin, 
and  which  are  polarized  in  the  pai-allel  planes,  inter- 
fere ciompletely,  while  those  which  are  polarized  in 
opposite  (that  is,  perpendicular,)  planes  do  not  interfere 
at  all.'*  Taking  these  principles  into  the  account, 
rresnel  explained  very  completely,  by  means  of  the 
interference  of  undulations,  all  the  cii-cum stances  of 
colours  produced  by  crystallized  plates;  showing  the 
necessity  of  the  polarizalion  in  the  first  instance;  the 
dipolariiting  effect  of  the  crystal;  and  the  ofBce  of 
the  analysing  plate.,  by  which  certain  portions  of  each 
of  the  two  rays  in  the  crystal  are  made  to  interfere 
and  produce  colour.    This  he  did,  as  he  says,^  without 
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being  aware,  till  Amgo  told  him,  that  Young  liaii,  ti 
aome  extent,  autiui{n.ted  him. 

When  we  look  at  the  history  of  the  einission-tliMry 
of  light,  we  see  exiictly  what  we  may  consider  as  tlie 
natural  courae  of  things  in  the  career  of  a  false  thwify. 
Such  a  theory  may,  to  a  certain  extent,  exjjlaii 
phenomena  which  it  was  at  firat  contrived  to  meet;  1 
every  iiew  class  of  facts  requires  a,  new  auppo>ition,- 
addition  to  the  machinery ;  and  as  observation  gota  M 
these  incoherent  appendages  accumulate,  till  they  o'ef- 
whelm  and  upset  the  original  frame-work.  Bucli  "M 
the  history  of  the  hypothesis  of  solid  epicycles;  such 
has  been  the  history  of  the  hypothesis  of  the  materiiJ 
emission  of  light.  In  its  simple  form,  it  ejcplaineJ 
reflection  and  refraction;  but  the  colours  of  ihit 
plates  added  to  it  the  hypothesis  of  fits  of  easy  trans- 
niisaion  and  reflection;  the  phenomena  of  diffrac^ou 
further  invested  the  particles  with  complex  hypo- 
thetical laws  of  attraction  and  repulsion;  polarintiou 
gave  them  sides;  double  refraction  subjected  them  U 
peculiar  foroes  emanating  from  the  axes  of  ciyatsla; 
finally,  dipolarization  loaded  them  with  the  complex 
and  unconnected  eontrivflnce  of  moveable  polariaUion; 
and  even  when  all  this  had  been  assumed,  additional 
mechanism  was  wanting.  There  is  here  no  unex[i«cted 
success,  no  happy  coincidence,  no  convergence  of  prin- 
ciples from  remote  quai-ters :  the  philosopher  haMi 
the  ma<:hine,  but  its  parts  do  not  iit ;  tbey  hold 
together  only  while  he  presses  them  :  this  is  uot  the 
character  of  truth. 

In,  the  undulatory  theory,  on  the  other  hand,  ail 
tends  to  unity  and  simplicity.  We  explain  ruflectiou 
and  refraction  by  undulations ;  when  we  come  to  tlilu 
plates,  the  requisite  'fits'  are  already  involved  io  our 
fundamental  hypothesis,  for  they  are  the  length  of  an 
undulation:  the  ]>heuomcna  of  diffraction  alw)  require 
such  intervals;  and  the  intervals  tlius  required  agne 
exactly  with  the  others  in  magnitude,  so  tliat  no  net 
property  is  needed.  Polarization  fur  a  moment  dniJu 
us;  but  not  kin(5;  for  the  direction  of  our  viiiratigus 
is  hitUerU)  ai\iitta.ir3  ", — ^li  vCi\ow  ^AasvudAon.  to  dtdiie 
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it.  Having  done  this  for  the  sake  of  pijlarizatioij,  wefiud 
that  it  also  answers  an  entirely  different  puri»ose,  that 
of  giving  the  law  of  double  refraction.  Truth  may 
give  rise  to  such  a  coincidence;  fttt»ehood  canaot  Bat 
the  phenomena  become  more  iiumerouH,  more  various, 
more  strange : — no  matter :  the  Theory  is  equal  to  then) 
ali  It  makes  not  a  single  new  physioal  hypothesis; 
hut  out  of  its  original  stock  of  principles  it  educes  the 
counterpart  of  all  that  observation  shovra.  It  accounts 
for,  explains,  simplifies,  the  moat  entangled  cases;  cor- 
rects known  laws  and  facts;  predicts  and  discloses 
unknown  ones;  becomes  the  guide  of  its  former 
teacher.  Observation;  and,  enlightened  by  mechanieal 
conceptions,  acquires  an  insight  which  pieiues  through 
shape  and  colour  to  force  and  cause. 

We  thna  reach  the  philosophical  moral  of  this 
history,  so  important  in  I'efereiice  to  our  purpose ; 
and  here  we  shall  close  the  account  of  the  discovery 
and  promulgation  of  the  undulatory  theory.  Any 
furthtiT  steps  ia  its  development  and  extension,  may 
with  propriety  he  noticed  in  the  ensuing  chapters, 
respecting  its  reception  and  verification. 

[and  Ed.]  [In  the  Philosophy  of  the  Inductive 
Seieivxe,  B.  xL  ch.  iii.  Sect.  1 1,  I  have  spoken  of  the 
Consilience  of  Inductions  as  one  of  the  characters  of 
ecieatifio  truth.  We  have  several  striking  instances  of 
Buch  consilience  in  the  history  of  the  undulatory 
theory.  The  phenomena  of  fringes  of  shadows  and 
colnnred  bands  in  crystals  jKwp  together  in  the  Theory 
of  Vibrations.  The  phenomena  of  polarization  and 
double  refraction  j'wwyi  together  in  the  Theory  of  Crys- 
tiUine  Vibrations.  The  phenomena  of  polarization 
and  of  the  interference  of  polarized  ra,ya  jwntp  togel/ter 
in  the  Theory  of  Transverse  Vibrations. 

The  proof  of  what  is  above  said  of  the  undulatory 
theory  is  contained  in  the  previous  history.  This 
theory  has  '  accounted  for,  explained,  and  simplified 
the  most  entangled  cases ;'  as  the  cases  of  fringes  of 
shadows ;  shadows  of  gratings ;  coloured  bands  in 
bioxal  crystals,  and  in  quartz.  There  are  HO  o^twaX 
i  entangled  than  these.     It  Wa  '  tt«>:- 
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rected  experimental  laws,'  aa  ia  tbe  case  of  M.  Bint's 
law  of  tlie  directiou  of  polarizatioa  in  biazal  ctralaU 
It  haa  doiie  this  '  'without  making  any  nuw  plifsical 
hypothesis ;'  for  the  transverse  direction  of  vibratiotB, 
the  different  optical  elasticitiea  of  oryBtala  in  different 
directions,  and  {if  it  be  adopted)  the  hypothesis  of 
finite  intervals  of  the  particles  (see  chap.  x.  and  hcre- 
aiter,  chap,  xiii.),  are  only  limitatious  of  what  wiu 
indefinite  in  the  earlier  form  of  the  hyjiothesia.  And 
so  fiir  aa  the  properties  of  visible  radiant  light  aro  con- 
aemed,  I  do  not  think  it  at  all  too  much  to  say,  a>  M. 
Schwerd  has  said,  that '  the  undulation  theory  acoonnK 
for  the  phenomena  as  completely  aa  the  theory  of  grsri- 
tation  does  for  the  &cts  of  the  solar  system.' 

This  we  might  say,  even  if  aome  facts  were  not  yet 
fiUly  esplained;  for  there  were  till  very  lately,  if  thaw 
are  not  still,  such  unexplained  facts  with  regard  to  the 
theoiy  of  gravitation,  presented  to  as  by  the  wbr 
system.  With  regard  to  the  nndulatory  theory,  thtss 
exceptions  are,  I  think,  disappearing  quite  as  tapi^J 
and  as  completely  as  in  the  case  of  gravitation.  It  i>i 
to  be  observed  that  no  presumption  against  the  thetny 
can  with  any  show  of  reason  be  collected  from  lbs 
cases  in  which  claisses  of  phenomena  remain  ua«i- 
plained,  the  theory  haviug  never  been  applied  to  thew 
by  any  mathematician  capable  of  trading  ite  reaulw 
correctly.  The  history  of  the  theoiy  of  gravitntiun 
may  show  us  abundantly  how  necessary  it  is  to  hear  in 
^ind  this  caution;  and  the  results  of  the  undolMo)? 
theory  cannot  be  traced  without  great  mathematind 
skill  and  great  labour,  any  more  than  those  of  gravi- 
tation. 

Tliis  remark  applies  to  such  maes  as  that  of  the 
iTansverse  fringes  of  grooved  surfaces.  The  geaf™ 
phenomena  of  these  cases  are  perfectly  explaincil  by 
the  theory.  But  there  is  an  interruption  in  the  Ugbt 
in  an  oblique  direction,  which  has  not  yet  been 
explained;  but  looking  at  what  has  been  done  in  otlier 
is,  it  ia  impossible  to  doubt  that 
lentls  n.^to'Q.  \^ie  tesiAte  q?  caWain.  int^gmtions,  a 
would  be  es-piaia^  ^ '"'^'^^  ■^^'^^ ''^^ 
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The  phenomena  of  nrysta^lized  gur/aeeg,  and  espe- 
cially their  effects  upon  tho  plane  of  polariaitiou,  were 
examined  by  Sir  D.  Brewster,  and  laws  of  the  pheno- 
mena made  out  by  him  with  hia  asual  skill  and 
si^aoity.  For  a  time  these  were  unexplained  by  the 
theory.  But  recently  Mr.  Mac  CuUagh  has  traced 
the  coi]sec[uences  of  the  theory  in  this  case,^'  and 
obtained  a  law  which  repreBents  with  much  exactness. 
Sir  D.  Brewster's  observation. 

The  phenomenon  which  Sir  D.  Brewster,  in  183V, 
called  a  ttew  properttf  of  light,  {certain  appearances  of 
the  spectrum  when  the  pupil  of  the  eye  is  half  covered 
with  a  thin  glass  or  crystal,)  huve  been  explained  by 
Mr.  Airy  in  the  PhU.  Trans,  for  1840. 

Mr.  Airy'a  explanation  of  the  phenomena  termed 
by  Sir  D.  Brewster  a  new  property  of  light,  is 
completed  in  the  Pkilosophicai  Magtiiine  for  Novem- 
ber, 1846.  It  is  there  shown  that  a  dependence  of 
the  breadth  of  the  hands  Ttjion  the  aperture  of  the 
pupil,  which  had  been  supposed  to  result  from  the 
theory,  and  which  does  not  appear  in  the  experiment, 
did  really  result  from  certain  limited  conditions  of  the 
hypothesis,  which  conditions  do  not  belong  to  the 
experiment;  and  that  when  the  problem  is  solved 
without  those  limitations,  the  discrepance  of  theory 
and  observation  vanishes  :  so  that,  as  Mr.  Airy  says, 
'  this  very  remarkable  experiment,  which  long  appeared 
inejiplicahle,  seems  destined  to  give  one  of  the  strongest 
oonfirmatioDS  to  the  TJudulatory  Theory.' 

I  may  remark  also  that  there  is  no  force  in  the 
objection  wliich  has  been  ni^d  against  the  admii-ers 
of  the  undulatory  theory,  that  by  the  fulness  of  their 
assent  to  it,  they  discourage  further  researches  which 
may  contradict  or  confirm  it  We  must,  in  this  point 
of  view  also,  look  at  the  course  of  the  theory  of  gravi- 
tation and  its  results.  The  acceptance  of  that  theory 
did  not  prevent  mathematicians  and  observers  from 
attending  to  the  apparent  exceptions,  hut  on  the  con- 
trary, stimulated  them  to  calculate  and  to  observe  with 

*  Prof.  LlofdS  Seport,  Brit.  Mtoe.  iBJ^  p.  n^ 
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additional  zeal,  and  still  does  so.  The  aocelenition 
the  Moon,  the  mutual  disturbanceB  of  Jupiter  u 
Saturn,  the  motions  of  Jupiter's  Satellites,  the  effe 
of  the  Earth'a  oblateuesa  ou  the  Moon's  motioD,  i 
motions  of  the  Moon  ahout  her  own  center,  and  dU 
other  phenomena,  were  studied  with  the  greater  MM 
tion,  because  the  general  theory  was  deemed  so  M 
Tiuciag ;  and  the  same  cause  makes  the  remiiuu. 
exceptions  ohjects  of  intense  interest  to  astronoDK 
and  mathematicians.  The  mathematicians  and  optii 
experimenters  who  accept  the  nodulatory  theory,  * 
of  course  follow  out  their  conviction  in  the  bM 
manner.  Accordingly,  this  has  been  done  and  iiM 
doing,  as  in  Mr.  Airy's  mathematical  investigaUoD 
the  effect  of  an  annular  aperture ;  Mr.  Eamshaw's, « 
the  effect  of  a  triangular  aperture;  Mr,  TalbosI 
explanation  of  the  effect  of  intei^posing  a  film  of  niioi 
between  a  part  of  the  pupil  and  the  pure  speotnuii,  i 
nearly  ajiproaching  to  the  phenomena  which  t*' 
been  spoken  of  as  a  new  Polarity  of  Light: 
other  labonra  of  eminent  mathematicians,  eluewb^ 
mentioned  in  these  pages. 

The  phenomena  of  the  absorption  of  light  have  i 
especial  bearing  u]ion  the  undulatory  theory.  Thf 
is  not  much  difficulty  in  explaining  the  postll/iUiy 
absorption  upon  the  theory.  When  the  light 
absorbed,  it  ceases  to  belong  to  the  theory. 

For,  aa  I  have  said,  the   theory   professes   only 
explain  the  jjhenomena  of  radiant  visible  light    ' 
know  very  well   that  light  has   other  bearings  • 
properties.     It  produces  chemical  effects.     The  opti 
polarity  of  crystals  is  connected  with  the  cliemioi 
polarity  of  their  constitution.     The  natural  colours 
bodies,  too,  are  connected  with  their  chemical  ctffl 
stitution.     Light  is  also  connected  with  heat, 
undulatory  theory  does  not  undertake  to  explain  ttiei 
properties  and  their  connexion.     If  it  did,  it  would  U 
a  Theory  of  Heat  and  of  Chemical  Composition, 
well  as  a  Theory  of  Light. 

Dr.  Favaday'a  lecent  ex\)erimont8  have  shown  (bl 
tlie  magnetic  poWnty  ia  iuejift-j  <iq\i\h.iAr&.-wWIi 
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optical  polarity  by  which  the  plane  of  polarization  is 
affected.  When  the  lines  of  magnetic  force  pass 
through  certain  transparent  bodies,  they  communicate 
to  them  a  certain  kind  of  circular  polarizing  power ; 
yet  different  from  the  circular  polarizing  power  of 
quartz,  and  certain  fluids  mentioned  chap.  ix. 

Perhaps  I  may  be  allowed  to  refer  to  this  discovery 
as  a  further  illustration  of  the  views  I  have  offered  in 
the  Philosophy  of  the  Inductive  Sdencea  respecting  the 
Connexion  of  Co-existent  Polarities,     (B.  v.  Chap,  ii.)] 
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CHAPTEE  XII. 

^    .«    THE    Epoch    op  Touho    asd    FHBainL| 

Ebcefi'ion  of  the  Unddi^tory  Thboby. 


WHEN  Young,  in  1800,  published  hia  aseertiotior 
the  Principle  of  Interferencea,  as  the  true  theory 
of  optical  phenomena,  the  condition  of  England  was 
not  very  favourable  to  a  fair  appreciation  of  the  value 
of  the  new  opinion.  The  men  of  acience  were  strongly 
pre-occiipied  in  favour  of  the  doctrine  of  emission,  not 
only  from  a  national  interest  in  Newton'a  glory,  said 
a  natural  reverence  for  hia  authority,  but  also  from 
deference  towards  the  geometers  of  France,  who  were 
looked  up  to  aa  our  maatera  in  the  application  of 
mathematioa  to  physica,  and  who  were  understood  to 
be  NewtoDtaua  in  tbia  as  in  other  aubjects.  A  general 
tendency  to  an  atomic  philosophy,  which  had  begun  to 
appear  from  the  time  of  Newton,  operated  powerl'ullj; 
and  the  hj^othesis  of  emission  was  no  easily  conceived, 
that,  when  recommended  by  high  authority,  it  easily 
became  popular;  while  the  hypothesis  of  luminiferona 
undulations,  unavoidably  dif&oult  to  comprehend,  even 
by  the  aid  of  steady  thought,  was  neglected,  and  all 
but  forgotten. 

Yet  the  reception  which  Young's  opiniona  met  ^ 
was  more  harsh  than  we  might  have  expected,  i 
taking  into  account  all  these  considerations.  But  tha 
was  in  England  no  viaible  body  of  men,  fitted  by  the 
knowledge  and  character  to  prononnce  judgment  q 
such  a  question,  or  to  give  the  proper  impulse  bd 
bias  to  public  opinion.  The  Royal  Society,  for  ill- 
atance,  had  not,  for  a,  long  time,  by  custom  or  insti- 
tution, possessed  or  aimed  at  such  functioDB.  The 
writers  of  'Reviews'  alone,  self-constituted  and  aecret 
tribunals,  claimed  tbia  kind,  of  a.iitharity.  Among 
these  publicaliona,  \t^'  fci.i;  t\ie  Taca't  ilt 
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this  period  was  the  Edijiburgh  Revieio;  and,  iucluding 
amoug  its  contributors  men  of  eminent  science  and 
great  talents,  employing  alao  &  roiiiist  and  poignant 
style  of  writing  (often  ceitatiily  in  a  very  uni'air 
manner),  it  naturally  exercised  great  influence.  On 
abstruse  dootrines,  intelligible  to  few  persona,  more 
than  on  other  subjects,  the  opiniona  and  feelings 
exprensed  in  a.  Review  must  be  those  of  tlie  individual 
reviewer.  The  criticism  on  some  of  Young's  early 
papei's  on  optica  was  written  by  Mr,  (afterwards  Lord) 
Brougham,  who,  as  we  have  seen,  had  experimented 
on  diffraution,  following  the  Newtonian  view,  that  of 
inflexion.  Mr.  Brougham  was  perhaps  at  this  time 
young  enough*  to  be  somewhat  intoxicated  with  the 
appearance  of  judicial  authority  in  matters  of  science, 
which  his  office  of  anonymous  i-eviewer  gave  him :  and 
even  in  middle-life,  he  was  sometimes  considered  to  be 
prone  to  indulge  himself  in  severe  and  sarcastic  expres- 
sions. In  January,  1803,  was  published^  his  critiq^ue 
on  Dr.  Young's  Bakerian  Lecture,  On  the  Theitry  of 
Light  and  Ciilous-g,  in  which  l^ecture  the  doctrine  of 
undulations  and  the  law  of  interiereucps  was  main- 
t^ned.  This  critique  was  an  uninten-upted  strain  of 
blame  and  rebuke.  '  This  paper,'  the  reviewer  said, 
*  contains  nothing  which  deaerves  the  name  either  of 
experiment  or  discovery.'  He  charged  the  writer  with 
'  dangerous  relaxations  of  the  principles  of  physical 
logic'  'We  wish,'  he  cried,  'to  recall  philosofihers  to 
the  strict  and  severe  methods  of  investigation,'  de- 
Bcribing  them  as  those  pointed  out  by  Bacon,  2fewton, 
and  the  like.  Finally,  Dr.  Yoang's  speculations  were 
spoken  of  as  a  hypothesis,  which  is  a  mere  work  of 
&ncy;  and  the  critic  added,  '  we  cannot  conclude  our 
review  without  entreating  the  attention  of  the  Koyal 
Society,  which  has  admitted  of  late  so  many  hasty  and 
unsubstantial  papers  into  its  Transacliims  ;'  which  habit 
he  urged  them  to  reform.  The  same  aversion  to  the 
undulatory  theory  appears  soon  after  in  another  article 
by  the  same  reviewer,  on  the  subject  of  Wollaston's 
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measures  of  the  refraction  of  Iceland  ppar;  he  a 
'  We  are  much  disappointed  to  find  that  so  acute  and 
ingenious  an  experimentalist  shoiiM  have  adopted  tlu 
■wild  optical  theory  of  viLrationa.'  The  re'  ' 
showed  ignorance  as  well  as  prejudice  in  the  coi 
Lis  remarks;  and  Young  drew  up  an  answer,  which 
was  ably  written,  but  being  published  aepai-ately  had 
little  cii'culatiou,  We  can  hardly  do\ilit  that  th«se 
Edinburgh  reviews  had  their  effect  in  confirming  till 
general  disposition  to  reject  the  undulatory  theory. 

We  may  add,  however,  that  Young's  mode  of  pre- 
senting his  opinions  was  not  the  moat  likely  to  win, 
them  favour;  lor  his  mathematical  reasonings  placed 
them  out  of  the  reach  of  popular  readers,  while  the 
want  of  symmetiy  and  system  in  his  symbolicul  calcu^ 
lations,  deprived  them  of  attractiveness  for  the  mathe- 
matician. He  himself  gave  a  very  just  oriticiBm  of" 
his  own  style  of  writing,  in  speaking  on  another  of  hit 
works :^  'The  mathematical  reaaouing,  for  want  t^ 
mathematical  symbols,  was  not  iinderatood,  even  hf 
tolerable  mathematiciaiiB.  Ffom  a  dislike  of  the  affec- 
tation of  algebraical  fonoality  which  he  had  observe^ 
in  some  foreign  authors,  he  was  led  into  soTOething 
like  an  affectation  of  eimplicity,  which  was  equally 
inconvenient  to  a  scientific  i-eader.' 

Young  appears  to  have  been  aware  of  his  ( 
deficiency  in  the  power  of  drawing  public  favour 
even  notice,  to  his  discoveries.  In  1802,  Davy  writal 
to  a  friend,  '  Have  you  seen  the  theory  of  my  colleague 
Dr.  Young,  on  the  undulations  of  an  ethei-eal  medium; 
as  the  cause  of  light!  It  is  not  likely  to  be  a  popul 
hypothesis,  after  what  liaa  been  Baid  by  Newton  oonj 
ceming  it.  He  would  be  very  much  flattered  if  yo| 
could  offer  any  observations  upon  it,  wltether  for  et 
against  it.'  Young  naturally  felt  confident  in  hS 
power  of  refuting  objections,  and  wanted  only  thfl 
opportunity  of  a  public  combat. 

Dr.  Erewater,  who  was,  at  this  period,  enrichii^ 
optical  knowledge  with  so  vast  a  train  of  new  ptke< 
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nomema  and  Iiiwe,  shared  the  general  aversion  to  the 
imdulatory  theory,  which,  itidted,  he  hardJy  overcame 
thirty  yeara  later.  Dr.  Wollaaton  was  a  jiersou  whose 
character  led  him  to  look  long  at  the  laws  of  phe- 
nomena, before  he  attempted  to  determine  their  causes ; 
and  it  does  .not  appear  that  he  had  dei;ided  the  claima 
of  the  rival  theorieii  in  his  own  mind.  KerBchel  (I 
now  speak  of  the  sou)  had  at  drat  the  general  mathe- 
matical pi'ejiulice  in  favonr  of  the  emission  doctrine. 
Even  when  he  had  Himself  studied  and  extended  the 
laws  of  dipolarized  phenomena,  he  translated  them  into 
tha  language  of  the  theory  of  moveable  polarization. 
In  1819,  he  refers  to,  and  corrects,  this  theory;  and 
says,  it  is  now  '  relieved  from  every  difficulty,  and 
entitled  to  rank  with  the  fiba  of  easy  ti-an amission  and 
refiecliou  as  a  general  and  aimple  physical  law :'  a  just 
judgment,  but  one  which  now  conveys  less  of  praise 
than  he  then  intended.  At  a  later  period,  he  remarked 
that  we  cannot  be  certain  that  if  the  theory  of  emiaaion 
had  been  as  much  cultivated  as  that  of  undulation,  it 
might  not  have  been  as  successful;  an  opinion  which 
was  oertiiiniy  untenable  after  the  fair  trial  of  the  two 
theories  in  the  case  of  ditfraetion,  and  extravagant 
after  Fresnel's  beautiful  explanation  of  double  refrac- 
tion and  poUrization.  Even  in  1827,  in  a  Treatise  on 
Light,  published  in  the  Uncj/doptedia  Metropolilana,  he 
gives  a  section  to  the  calculations  of  the  Newtonian 
theory;  and  appears  to  consider  the  rivalry  of  the 
theories  as  still  subsisting.  But  yet  he  there  speaks 
with  a  proper  appreciation  of  the  advantnges  of  the 
new  doctrine.  After  tracing  the  prelude  to  it,  he 
says,  '  But  the  nnpursued  speculations  of  Newton,  and 
the  opinions  of  Hooke,  however  distinct,  must  not  be 
put  in  competition,  and,  indeed,  ought  scarcely  to  be 
mentioned,  with  the  el^ant,  simple,  and  comprehensive 
theory  of  Young, — a  tlieory  which,  if  not  founded  in 
natare,  is  certainly  one  of  the  happiest  fictions  that 
the  genius  of  man  ever  invented  to  grasp  together 
natural  phenomena,  which,  at  their  first  discovery, 
seemed  in  irreconcileable  opjjoaition  to  it-.  It  is,  in 
fact,  in  aIJ  its  applicatioas  and  detajle,  oue  a 
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of /eUeilieg;  insoiniich,  that  we  may  almost  be  indi 
to  Hay,  if  it  be  uot  true,  it  deaeryes  to  be  ao.' 

In  France,  Young'B  theory  ■waa  little  noticed  or 
known,  except  perLupa  by  M.  Arago,  till  it  was  revived 
by  Fresnel.  And  though  Fresnel's  assertion  of  Urn 
■undulatory  theory  was  not  bo  rudely  received  as  Young's 
had  been,  it  met  with,  no  small  oppositioa  from  the 
older  mathematicians,  and  made  its  way  slowly  to  the 
notice  and  comprehension  of  men  of  science.  M.  Arago 
would  perhaje  have  at  once  adopted  the  conception  of 
transverse  vibrations,  when  it  was  su^^ested  hy  his 
fellow-labourer,  Fresnel,  if  it  had  not  been  that  he  was 
a  member  of  the  Institute,  and  had  to  bear  the  brunt 
of  the  war,  in  the  frequent  discussions  on  the  unda- 
latory  theory;  to  which  theoiy  Laplace,  and  other 
leading  memhers,  were  so  vehemently  opposed,  that 
they  would  not  even  listen  with  toleration  to  the 
arguments  in  its  fevour.  I  do  not  know  how  far 
influences  of  this  kind  might  operate  in  producing  the 
delays  which  took  place  in  the  publication  of  Fresnel's 
papers.  We  have  seen  that  he  arrived  at  the  concep- 
tion of  transverse  vibratioDB  in  1816,  as  the  true  key 
to  the  understanding  of  polarization.  In  1817  and 
1818,  in  a  memoir  read  to  the  Institute,  he  analysed 
and  explained  the  pei-plexing  phenomena  of  quartz, 
which  he  ascribed  to  a  /nrcular  polwrixation.  This 
memoir  had  not  been  printed,  nor  any  extract  from  it 
inserted  in  the  Scientific  Journals,  in  1822,  when  he 
confirmed  his  views  by  further  experiments.''  Hia 
remarkable  memoir,  which  solved  the  extraordinary 
and  capital  problem  of  the  connexion  of  double  re&arO 
tion  and  crystallization,  though  written  in  1821,  vatfj 
not  published  till  1827.  He  appears  by  this  time  tjfl 
have  sought  other  channels  of  publication.  In  i83i^| 
he  gave,^  in  the  Annates  de  Chimie  el  de  J'/i^aique,  Ktim 
explanation  of  refraction  on  the  principles  of  the  undu- 
iatory  theory;  alleging,  as  the  reason  for  doing  ao,  that 
the  theory  was  still  little  known.     And  in  succeeding 
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yeara  there  appeared  in  the  same  work,  his  theory  of 
reflection.  His  memoir  on  this  subject  {Memowe  aar 
la  hoi  dea  Modifications  que  la  Jiejtacwn  imprime  &  la 
LuiniSre  Polariaee,)  was  read  to  the  Academy  of 
Sciencea  in  1823.  But  the  orig-inal  paper  was  mislaid, 
and,  for  a  time,  supposed  to  be  lost;  it  has  since 
been  recovered  among  the  papers  of  M.  Fourier,  and 
printed  in  the  eleventh  volume  of  the  Memoirs  of  the 
Academy.*  Some  of  the  specnlationH  to  which  he 
refers,  aa  communicated  to  the  Academy,  Lave  never 
yet  appeared^ 

Still  Fresnel's  labours  were,  from  the  first,  duly 
appreciated  by  some  of  the  most  eminent  of  his  countrj- 
meu.  His  Memoir  on,  Diffraction  was,  as  we  have 
Been,  crowned  in  1819:  and,  in  1832,  a  Report  upon 
his  Memoir  on  Double  Refraction  was  drawn  up  by  a 
conimifiaiou,  consisting  of  MM.  AmjiSre,  Fourier,  and 
Axago.  In  this  report^  Fresnel's  theory  is  spoken  of 
as  confirmed  by  the  most  delicate  teats.  The  reporters 
add,  resj>ecting  his  'theoretical  ideas  on  the  particular 
kind  of  undulations  which,  accnrdiug  to  him.  consti- 
tute light,'  that  '  it  would  be  imjioBsible  for  them  to 
pronounce  at  present  a  decided  judgment,'  but  that 
'they  have  not  thought  it  right  to  delay  any  longer 
mating  known  a  work  of  which  the  difficulty  is 
attested  by  the  fruitless  efibrts  of  the  most  Hltilfiil 
philoBOphers,  and  in  which  are  eithibited,  In  the  same 
brilliant  degree,  the  talent  for  experiment  and  the 
spirit  of  invention.' 

In  the  mean  time,  however,  a  controversy  between 
the  theory  of  undulations  and  the  theory  of  moveable 
polttiization  which  M.  Blot  had  proposed  with  a  view 
of  accounting  tor  the  colours  produced  by  dipolaiizing 
crystaJs,  had  ocoui-red  among  the  French  men  of 
science.  It  is  clear  that  in  some  main  features  the 
two  theories  coincide;  the  intervals  of  interference  in 
the  one  theory  being  represented  by  the  intervals  of 
the  oscillations  in  the  other.     But  these  intervals  in 
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M.  Biot'a  explanationa  were  arbitrary  hyjiothesei. 
Bii^;ested  hy  these  Texy  facia  them  Helves ;  in  Fresnel's 
theory,  they  were  easential  jmrts  of  the  general  Bcheme. 
M.  Biot,  indeed,  does  not  apyiear  to  have  been  avene 
from  a  ooalition ;  fur  he  allowed^  to  Fresnel  that  'tlw 
theory  of  undulations  took  the  phenomena  at  a  higKer 
point  and  carried  them  further.'  And  M.  Bint  could 
hardly  have  disaented  from  M.  Arago'a  account  of  th« 
matter,  that  FreHnel'a  views  'linked  (ojb/Aw'"*  the 
oscillationa  of  moveable  polarization.  But  Fresnel, 
whose  hypothesis  wa»  all  of  one  piece,  could  give  up 
no  part  of  it,  although  he  allowed  the  usefulness  of 
M.  Blot's  formulfe.  fet  M.  Biot'a  speculations  fell  in 
better  with  the  views  of  the  leading  mathematician  a  (if 
Paris.  We  may  consider  as- evidence  of  the  fevour 
with  which  they  were  looked  Upon,  the  large  apace 
they  occupy  in  the  volumes  of  the  Academy  for  1811, 
r8i3,  1817,  and  1818.  In  i8ia,  the  entire  volume  ii 
filled  withamemoirofM.  Biot'a  on  the  subject  of  move- 
able polarization.  This  doctrine  also  had  some  advan- 
tage in  coining  early  before  the  world  in  a  didactic 
form,  in  hia  Trails  de  Physique,  which  was  published 
in  1 8 1 6,  and  waa  the  most  complete  treatise  on  general 
physics  which  had  appeared  up  to  that  time.  In  thiB 
and  others  of  this  author's  writings,  he  expresses  facts 
BO  entirely  in  the  t«rnns  of  hia  own  hypothesis,  that  it 
ia  difficult  to  separate  the  two.  In  the  sequel  M.  Arago 
was  the  most  prominent  of  M.  Biot'a  opponenta;  and 
in  his  repoi-t  upon  Fresnel'a  memoir  on  the  colours  of 
crystalline  pUte.s,  he  exposed  the  weaknesses  of  the 
theory  of  moveable  polarization  with  some  severity. 
The  details  of  this  controversy  need  not  occupy  ua; 
but  we  may  observe  that  thia  niay  be  considered  as 
the  last  struggle  in  favour  of  the  theory  of  emission 
among  mathematicians  of  eminence.  After  this  crisis 
of  the  war,  the  theory  of  moveable  polarization  lost  ila 
ground;  and  theexplanattonsof  the undulatory  theory, 
and  the  calculations  belonging  to  it,  being  published 
in  the  Annalet  de  Chimie  et  dt  Phygique,  of  whiofa 
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KL  Amgo  waa  one  of  the  conductors,  soon  diSttsed  it 
over  EurapB. 

It  wsa  probably  in  consequence  of  the  delays  to 
which  we  have  referred,  in  the  publicatioa  of  Fresnel'M 
memoirs,  that  as  late  aa  December,  1826,  the  Imperial 
Academy  at  St.  Petersburg  proposed,  as  one  of  their 
prize-questiona  for  the  two  following  yeara,  this, — '  To 
deliver  the  optical  syatom  of  waves  trom  all  the  objeo- 
tions  which  have  (aa  it  appears)  with  justice  been 
urged  against  it,  and  to  apply  it  to  the  polarization  and 
double  refraction  of  light.'  In  the  programme  to  this 
announcement,  Freanel's  researches  on  the  subject  are 
not  alluded  to,  though  his  memoir  on  diSraction  is 
noticed ;  they  were,  therefore,  probably  not  known  to 
the  Rudsian  Academy. 

Young  waa  always  looked  upon  as  a  person  of 
marvellous  variety  of  attainments  and  extent  of  know- 
ledge; but  during  his  life  he  hardly  held  that  elevated 
place  among  great  disooverers  which  posterity  will 
probably  assign  him.  In  1802,  he  waa  constituted 
Foreign  Secretary  of  the  Hoyal  Society,  an  office  which 
he  held  during  life ;  in  1827  he  was  elected  one  of  the 
eight  Foreign  Members  of  the  Institute  of  France; 
perhaps  the  greatest  honour  which  men  of  science 
usually  receiva  The  fortune  of  his  life  in  some  other 
respeotewae  of  a  mingled  complesion.  His  profession 
of  &  physician  occupied,  sufficiently  to  fetter,  without 
rewarding  hira;  while  hu  was  Lecturer  at  the  Royal 
Institution,  he  waa,  in  his  lectureSj  too  profound  to  be 
popular ;  and  his  office  of  Superiutendent  of  the 
NmUieal  Almanac  subjected  him  to  much  minute 
labour,  and  many  petulant  attacks  of  pamphleteers. 
On  the  other  hand,  he  had  a  leading  part  in  the  dis- 
covery of  the  long-sought  key  to  the  Egyptian  hiero- 
glyphics; and  thus  the  age  which  waa  marked  by  two 
great  discoveries,  one  in  science  and  one  in  literature, 
owed  them  both  in  a  great  measnre  to  him.  Dr.  Young 
died  in  1829,  when  he  had  scarcely  completed  hia  fifty- 
sixth  year.  Fresnel  waa  snatched  from  science  still 
more  prematurely,  d3ring,  in  1827,  at  the  early  age  of 
thirtF-DJfla 

TOL.  U,  A  A. 


354 


HISTOBT  OF  OPTICS. 


We  need  not  say  that  both  these  great  philosopliert 
possessed,  ill  an  eminent  degree,  the  leading  charac- 
teristica  of  the  discoverer's  mind,  perfect  cleamesa  of 
view,  rich  fertility  of  invention,  and  intense  love  of 
knowledge.  We  cannot  read  without  great  interest  i 
letter  of  Fresue!  to  Young,"  in  November,  1824:  'For 
a  long  time  that  seuxibility,  or  thiit  vanity,  which 
]ieople  call  love  of  glory,  is  much  blunted  in  me.  I 
labour  much  less  to  catch  the  auflrages  of  the  pubUfl, 
than  to  obtain  an  inward  approval  which  has  alwajs 
been  the  sweetest  reward  of  my  efforts.  Without 
doubt  I  have  often  wa.nted  the  spur  of  vanity  to  esciU 
me  to  pursue  my  researches  in  momenta  of  disgust  and 
discouragement.  But  all  the  compliments  which  I 
haie  received  &om  MM.  Arago,  De  Laplace,  or  Biot, 
never  gave  me  so  much  pleasure  as  the  discovery  of  a 
theoretical  truth,  or  the  confirmation  of  a  calculation 
by  experiment.' 

Though  Young  and  Fresnel  were  in  years  the  con- 
tempomries  of  many  who  are  now  alive,  we  must 
consider  ourselves  as  standing  towards  them  in  the 
relation  of  ponterity.  The  Epoch  of  Induction  in 
Optics  is  past;  we  have  now  to  trace  the  Verification 
and  Application  of  the  true  theory. 

'I  I  WBS  able  to  givE  Ihia,  and  (Iho  Dean  of  Ely)  Fnrfestor  Fei- 

someolhprexlracta.fromlhethpn  cock,   of   Trinity    CollEge.  Cim- 

iine<litr:dcurreiipondGn<^QorYoiiDg  bridge,  whose  Life  of  Dr.  Vniic 

and  f  rcBOfel,  hy  the  kiadncBB  of  has  aiDcc  been  pulilbihed. 


OHAPTER  XIII. 


AFTER  the  undulatory  theory  bad  been  devHloped 
in  all  its  main  features,  by  its  great  authors, 
Young  and  Freanel,  althougli  it  bore  marks  of  truth 
which  could  lianily  be  fiillacioua,  there  was  still  here, 
as  in  the  oaae  of  other  gi-ea.t  theories,  a  period  in 
which  difficulties  were  to  be  removed,  olijectiona  an- 
swered, men's  minds  familiarized  to  the  new  concep- 
tione  thus  present«d  to  them  ;  and  in  which,  also,  it 
might  reasonoblj  be  expected  that  the  theory  would  be 
extended  to  fao^  not  at  first  included  iu  its  domain. 
This  period  ia,  indeed,  that  in  which  we  are  living ; 
and  we  might,  perhaps  with  propriety,  avoid  the  task 
of  speaking  of  our  living  contemporaries.  But  it  would 
be  unjust  to  the  theory  not  to  notice  some  of  the 
remarkable  events,  characteristic  of  such  a  period, 
which  have  already  occurred ;  and  this  may  be  done 
very  simply. 

In  the  case  of  this  great  theory,  as  in  that  of  gravi- 
tation, by  fer  the  most  remarkable  of  these  conJir- 
niatory  researches  were  conducted  by  the  authors  of 
the  discovery,  especially  Fresnol.  And  in  looking  at 
what  he  conceived  and  executed  for  this  pnrjKJse,  we 
are,  it  appears  to  me,  strongly  remiifded  of  Newton,  by 
the  wonderful  inventiveness  and  sagacity  with  which 
be  devised  experiments,  and  applied  to  them  mathe- 
niatioal  reasonings. 

r.  Doiii)U  Rfjraelion  of  GoTtipregsed  Glass. — One  of 
these  confirmatory  experiments  was  the  pi-oduction  of 
double  refraction  by  the  eompression,  of  glass.  Fresnel 
observes,'  that  though  Sir  D.  Brewster  had  shown  that 
glass  nnder  compression  produced  colours  resembling 
tl^ose  "which  are  given  by  doubly- refracting  crystals, 

^^■^  '  ^IH.  de  Chim.  iHii,  torn,  xx.  p.  ill, 
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'very  skilful  physicists  had  not  considered  tiwu* 
experiments  as  a  suffioieiit  proof  of  the  bifurattion 
of  the  light.'  In  the  hypotlieais  of  moveable  polfliim- 
tion,  it  is  added,  tliere  is  no  apparent  conneiiou 
■between  these  phenomena  of  coloration  and  douHs 
refraction ;  but  on  Young's  theory,  that  the  coloun 
aiTse  from  two  rays  which  have  traversed  the  crystal 
with  different  velocities,  it  appenj^  aimoHt  unavuidiible 
to  admit  also  a  diSevenoe  of  path  in  the  two  rays. 

'  Though,'  he  says,  '  1  had  long  since  adopted  liiJ 
opinion,  it  did  not  appear  to  me  so  completely  demon- 
ati-ated,  that  it  was  right  to  neglect  an  experimenUl 
verification  of  it;'  and  therefore,  in  1819,  he  prooeede'l 
to  satisfy  himself  of  the  fact,  by  the  phenomen*  of 
diffraction.  The  trial  left  no  doubt  on  the  BuliJMt; 
but  he  still  thought  it  would  be  interesting  actuallj  W 
produce  two  images  in  glass  by  compression ;  and  by  » 
highly-ingenious  combination,  calculated  to  ex^genle 
the  effect  of  the  double  refraction,  which  is  very  feeble, 
even  when  the  compression  is  most  intense,  he  ohtaiDud 
two  distinct  images.  This  evidence  of  the  dependenM 
of  dipojarizing  Btructure  upon  a  doubly-refracting  Bt»te 
of  ptu-ticles,  thus  excogitated  out  of  the  general  theorr, 
and  verified  by  trial,  may  well  he  considered,  us  bfl 
says,  '  as  a  new  occasion  of  proving  the  Infallibility  of 
the  principle  of  interferences.' 

2.  Circular  Folarieatian. — Fresnel  then  turned  til 
attention  to  another  set  of  experiments,  related  to  lliia 
indeed,  but  by  a  tie  so  recondite  that  nothing  less  thm 
his  oleamesa  and  acutenesa  of  view  could  have  detected 
any  connexion.  The  optical  properties  of  quarts  htd 
been  perceived  to  be  peculiar,  &om  the  period  of  ths 
discovery  of  dipolarized  colours  by  MM.  Arago  tXii 
Biot.  At  the  end  of  the  Notice  just  quoted,  Frisiiri 
saya,^  'As  soon  as  my  occupations  permit  me,  I  jnO- 
pose  to  eni]iloy  a  pile  of  prisms  similar  to  that  which  I 
have  described,  in  order  to  study  the  double  i-efractiflO 
of  the  rays  which  traverse  crystals  of  quartz  in  tin 
noftheaxis.'  He  then  ventures,  without  heffl-   1 
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tation,  to  describe  beforeliand  what  the  phenomena  will 
be.  In  the  Bulletin  desSciences^  for  December,  1833, 
it  is  stated  that  experiment  haci  confirmed  what  he  had 
thus  announced. 

The  phenomena  are  those  -which  have  since  been 
spoken  of  as  circular  potarization ;  and  the  term  first 
occurs  in  this  notice*  They  are  very  remarkable,  both 
by  their  resemblances  to,  and  their  differeueea  from, 
the  phenomena  of  planerpolarised  light.  And  the 
manner  iu  which  Fresnel  was  led  to  this  anticipation 
of  the  tacts  is  still  more  reniarkable  than  the  facts 
themselveH.  Having  ascertained  by  observation  that 
two  differently-polarized  rayn,  totally  reflected  at  the 
internal  surface  of  glass,  aiifit:r  difierent  retardaliotin 
of  their  undulations,  he  applied  the  formulae  which  he 
had  obtained  for  the  polarizing  effect  of  reflection  to 
this  case.  But  in  this  case  the  formulie  expressed  an 
impoBsibility;  yet  as  algebraical  formula,  even  in  such 
cases,  have  often  some  mcaniug,  'I  interpreted,'  he 
9a.j%?  '  in  the  manner  which,  appeared  to  me  most 
natural  and  most  probable,  what  the  auaiysia  indicated 
by  this  imaginary  form ;'  and  by  such  an  interpreta- 
tion he  coUected  the  law  of  the  difference  of  undula- 
tion of  the  two  rays.  He  was  thus  able  to  predict 
that  by  two  internal  reflections  in  a  rhnmb,  or  parnlle- 
lopiped  of  glass,  of  a  certain  form  and  position,  a 
pol^ized  ray  woidd  acquire  a  circular  undulation  of  its 
particles ;  and  this  constitution  of  the  ray,  it  appeared, 
by  reasoning  further,  would  show  itself  by  its  possess- 
ing peculiar  properties,  partly  the  same  as  tliose  of 
polarized  light,  and  partly  difl'erent.  This  extra- 
ordinary auticipation  was  exactly  confirmed;  and  thus 
the  apparently  bold  and  strange  guess  of  the  author 
was  fully  justified,  or  at  least  aasented  to,  even  by  the 
most  cautious  philosophers.  '  As  I  cannot  appreciate 
the  mathematical  evidence  for  the  iinture  of  circular 
polarization,'  says  Prof.  Airy,6  '  I  shall  mention  the 

'  Su/M  aetSc.  1813.  p.  J)- 
'  ami.  Traiu.  voLW.  p.  Hi,  iBii. 
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experimfintal   evidence  on  which  I  receive  it." 
conception  has  since  been  Tmiveraally  adopted. 

But  Treanel,  having  thiw  obtained  circulnriy-polM 
ized  rays,  saw  that  he  could  accoimt  for  the  phert 
mena  of  quartz,  already  observed  by  M.  Arago,  as  w 
have  noticed  in  Chap,  ix.,  by  supposing  two  circularlv- 
polarized  rays  to  pass,  with  different  velocities,  along 
the  axis.  The  curious  Buceesaion  of  colours,  following 
each  other  in  right-handed  or  left-handed  circular 
order,  of  ■which  we  have  already  spoken,  might  thus  be 
hypothetical ly  explained. 

But  was  thin  hypothesis  of  two  circulariy-polarized 
rays,  travelling  along  the  axis  of  such  crystala,  to  ba 
received,  merely  because  it  aceounterf  for  the  pheno- 
mena] FresDel'a  ingenuity  again  enabled  him  to  avoid 
such  a  defect  in  theorizing.  If  there  were  two  micb 
rays,  they  might  be  visibly  separated'  by  the  bbdjo 
artifice,  of  a  pile  of  priams  properly  achromatized,  which 
he  had  used  for  compressed  glass.  The  result  was,  tJiat 
he  did  obtain  a  visible  sejtaration  of  the  rays;  and  tlii9 
result  has  sinee  been  confirmed  by  others,  for  lustaDCe, 
Professor  Airy.*  The  raya  were  found  to  be  in  all 
respects  identical  with  the  circularly-polarized  nn 
produced  by  the  internal  reflections  in  Fresnel'a  rhomb. 
This  kind  of  double  refraction  gave  a  hypothetital 
explanation  of  the  laws  which  J!tL  Biot  had  obtained 
for  the  phenomena  of  this  class;  for  example,*  ^8 
rule  that  the  de\  lation  of  the  plane  of  polarization  tf, 
the  emeigent  ray  is  inversely  as  the  square  of  tbtri 
length  of  an  undulation  for  each  kind  of  rays.  AnS' 
thus  the  pheniimena  produced  by  light  passing  along 
the  axi<i  of  quartz  were  reduced  into  complete  con- 
formity with  the  theory. 

[and  Ed]  [I  believe,  however,FreRneI  did  not  dedncB 
the  phenomenon  from  the  mathematical  formula,  with- 
out the  previous  suggestion  of  experiment.  He  obsfnei 
appearances  which  implied  a  difference  of  retardftliOD 
in  the  two  difierently-polarized  rays  at  total  refleotioiii_ 


:  Bull,  dca  sc.  1 
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aa  Sir  D.  Brewster  observed  in  reflection  of  metuls 
piienoiuena  haviog  a  like  character.  The  general  fact 
being  observed,  Fresnel  used  the  theory  to  discover  the 
law  of  this  retardation,  and  to  determine  a  construction 
in  which,  oDe  ray  beiug  a  quarter  of  an  undulation 
retarded  more  than  the  other,  circular  jjolarization 
would  be  produced.  And  tlm  auticipation  was  vended 
by  the  conatructton  of  hia  r/wiiib. 

Aa  a  still  more  curious  verification  of  this  law, 
another  of  Fresnel's  experimeata  may  be  mentioned 
He  found  the  jiroper  angles  for  a  circularly-polarizing 
glass  rhomb  on  the  supposition  that  there  were  /our 
internal  reflections  instead  of  twoj  two  of  the  four 
taking  place  when  the  surface  of  the  glass  was  dry,  and 
two  when  It  was  wet.  The  rhomb  was  made;  and 
when  all  the  points  of  reflection  were  dry,  the  light 
waa  not  circularly  polarized  j  when  two  points  were 
wet,  the  light  was  circularly  polarized;  and  when  all 
four  were  wet,  it  was  not  circularly  polarized.] 

3.  EUiplical  Polarization  in  Quarlz.  —  We  now 
come  to  one  of  the  few  additions  to  Fresnel's  theory 
whiah  have  been  shown  to  be  necessary.  He  had 
accounted  fully  for  the  colours  produced  by  the  rays 
which  travel  along  tlie  asaa  of  quartz  ciystals;  and 
thus,  for  the  colours  and  changes  of  the  central  sjiot 
which  is  produced  when  polarized  light  passes  through 
a  transverse  plate  of  such  crystals.  But  this  central 
B|iot  is  surrounded  by  rings  of  colours.  How  is  the 
theoiy  to  be  extended  to  these  ? 

This  extension  haa  been  successfully  made  by  Pro- 
fessor Airy.'"  His  hypothesis  is,  that  aa  rays  passing 
along  the  axis  of  a  quartz  crystal  are  ciicularly 
polarized,  rays  which  are  obliqa*  to  the  axis  are  ellip- 
ticallj  polai-ized,  the  amount  of  ellipticity  depending, 
in  some  imknown  manner,  upon  the  obliquity;  and 
that  each  ray  is  separated  by  double  relxaction  into 
two  rays  polarized  elliptioally ;  the  one  right-handed, 
the  other  left-handed.  By  means  of  these  suppositions, 
he  not  only  was  enabled  to  account  for  the  simple 
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plionomena  of  single  plates  of  quartz;  but  for  mi 
most  complex  fLod  iutricate  appearances  which  a 
from  the  superpositiou  of  two  plates,  and  which  I 
first  sight  might  appear  to  defy  all  attempts  to  redw 
them  to   law   and  symmetry;  such  as  spiral^  0 
approaching  to  a  square  form,  curves  broken  ii 
places.     '  1  can  hardly  imagine,'  he  says,'^  veiy  nad 
rally,  '  that  any  other  supposition  would  repres^it  tl 
phenomena  to  such  extreme  acauracy.     I  tja  not  I 
mnch  struck   with  the  accounting  for  the  CMltina 
dilatation  of  circles,  and  the  general  representainoii 
the  form  of  apiraia,  aa  with   the  explanations  of  d 
minute  deviations  from  symmetry;    as  when  (' 
become  almost  square,  and  crosses  are  inclined  to  t 
plane  of  polarization.     And  I  believe  that  any  oni 
shall  follow  my  investigation,  and  imitate  my  e: 
menta,  will  be  anrprized  at  their  perfect  agreeraeni.' 
4.  Differential  Bquatiuns  of  MUiptical  Polaritatit 
—Although  circular  and  elliptical  polarisation  oaa  1 
dearly  conceived,  and  their  existence,  it  would  a 
irresistibly  established  by  the  phunomena,  it  is  i 
tremely  difficult  to  conceive  any  arrangemwit  of  & 
jKirticles  of  bodies  by  which  such  motions  c: 
cally  be  produced;  and  this  difficulty  is  the  greati 
because  some  fluids  and  some  gases  impress  a  c' 
polarization   upon  light;  in  which   cases  we  oui 
imagine  any  definite  ajrangement  of  the  parl3cleR,g 
as  might  form  the  mechanism  requisite  for  the  pui^ 
Accordingly,  it  does  not  apjtear  that  any  one  haa  be 
able  to  suggest  even  a  plausible  hypothesis  on  i 
subject.     Yet,  even  here,  something  baa  been  i<B 
Profensor  Mac  Cullagh,  of  Dublin,  has  discovered  tJ 
by  slightly  modifying  the  analytical  expresntmt  n 
ing  from  the  common  case  of  the  propagation  of 
we  may  obtain   other  expressions  which  would  g 
rise  to  such  motions  as  produce  circular  and  ellipt 
polarization.     And  thoHi;h  we  cannot  as  yet  a 
the    mechanical    interpretation  of    the  ]angi»ge 
analysis  thus  generalized,  this  generalization  bri; 
together  and  exYl^wns  by  one  common  numerical  a 
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poaition,  two  distinct  classes  of  facta; — a  circnmatance 
whioli,  in  all  cases,  entitles  an  hypothesis  to  a  very 
iaToumble  consideration. 

Mr.  Mac  CuUagh's  asanmptian  consists  in  adding  to 
the  two  equations  of  motion  whicli  are  expressed  by 
means  of  second  differentials,  two  other  terms  involv- 
ing third  differentials  in  &  simple  and  symmetrical 
manner.  In  doing  this,  he  introduces  a  coefficient,  of 
which  the  magnitude  determines  both  the  amount  of 
rotation  of  the  polarization  of  a  ray  passing  along 
the  axis,  as  observed  and  measured  by  M.  Biot,  and 
the  ellipticity  of  the  polarization  of  a  ray  which  is 
oblique  to  the  axis,  according  to  Mr.  Airy's  theory,  of 
iriiii^  ellipticity  that  philosopher  also  had  obtained 
curtain  measures,  l^e  agreement  between  the  two 
seta  of  meaaurea^'  thns  brought  into  connexion  is  such 
as  very  strikingly  to  confirm  Mr.  Mac  Oullagh's  hypo- 
theaa.  It  appears  probable,  too,  that  the  contirmation 
of  titis  hypothesis  involves,  although  in  an  obscure  and 
OTftcnlar  form,  a  ooufirmation  of  the  nndulatory  theory, 
■which  is  the  starting-point  of  this  carious  speculation. 

5.  EUiptieid  Polarization  of  MetaU  — The  effect  of 
metak  upon  the  light  which  they  reflect,  was  known 
from  the  first  to  be  different  irom  that  which  transpa- 
Tent  bodies  produce.  8ir  David  Brewster,  who  has 
recently  examined  this  subject  very  fully,'^  has  de- 
BOribed  the  modiiicatiou  thus  produced,  as  elliplio 
polaTixalion.  In  employing  this  term,  '  he  seems  to 
have  been  led,'  it  has  been  observed,'*  '  by  a  desire  to 
Avoid  as  much  aa  jHiasible  all  reference  to  theory. 
The  laws  which  he  has  obtained,  however,  belong  to 
«lljptically-polarized  light  in  the  sense  iu  which  the 
term  -was  introduced  by  Fresnel.'  And  the  identity 
of  the  light  produced  by  metallic  refleetion  with  the 
elliptical ly-polarized  light  of  the  wave-theory,  is  placed 
hc^nd  all  doubt,  by  an  observation  of  Professor  Airy, 
that  the  rings  of  uniaxai  crystals,  produced  by  Fresnera 
elliptically-polarized  light,  are  exactly  the  same  as 
those  produced  by  Brewster's  metallic  light. 
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6.  It'ewlon'g  Rings  hy  Polarized  Liijht. — Other  mo^H 
fications  of  the  phenomena  of  thin  [ilatea  by  the  vm\ 
i>f  [jolarked  li}{ht,  supplied  othor  striking  confinnationi 
of  the  theory.     These  were   in  one  case  the  more 
remarkable,  since  the  result  waa  foreseea  by  means  of 

a,  rigorous  applicatiou  of  the  conception  of  the  vibrar 
tory  motion  of  light,  and  confirmed  by  ex[)erinient. 
Professor  Airy,  of  Cambridge,  was  led  by  his  re&soD- 
ings  to  see,  that  ii'  Newton's  rings  are  producod 
between  a  lens  and  a  plate  of  mebkl,  by  polarized  light, 
then,  up  to  the  polarizing  angle,  the  central  spot  will 
be  black,  and  instantly  beyond  this,  it  will  be  whito. 
In  a  note,^^  iu  which  he  aunounced  thin,  he  anya, '  Tbis 
I  anticipated  from  Fresnel'a  expressions;  it  is  bod- 
firmatory  of  them,  and  defies  emission.'  He  also  pre- 
dicted that  when  the  rings  were  produced  between 
two  substances  of  very  different  refractive  powei-s,  tho 
center  would  twice  pass  fi-om  black  to  white  and  from 
white  to  black,  by  increasing  the  angle;  which  anti- 
cipation was  fulHUed  by  using  a  diamond  for  i^i\ 
higher  refraction.^'  -^H 

7.  Conical  R&fraeUon. — In  the  same  manner,  I^f^H 
feasor  Hamilton,  of  Dublin  pointed  out  that  accorill^H 
to  the  Fresuelian  doctrine  of  double  refraction,  then^ 
is  a  certain  direction  of  a  crystal  in  which  a  single  ray  1 
of  light  will  be  refracted  so  as  to  form  a  corneal  pennl  I 
For  the  direction  of  the  refracted  ray  is  determined  by  ■ 
a  plane  which  touches  the  ware  aur&ce,  the  r^H 
being  that  the  ray  must  paas  from  the  center  of  fl^H 
surface  to  the  point  of  contact ;  and  though  in  S^""^^! 
this  contact  gives  a  single  point  only,  it  so  happ^^H 
from  the  peculiar  inflected  form  of  the  wave  sacn^^^ 
which  has  what  is  called  a  ouap,  that  in  one  partio^^^ 
position,  the  plane  can  touch  the  surface  in  an  Bin^H 
cii-cle.  Thus  the  general  rule  which  assigns  the  F'^H 
of  the  refracted  my,  would,  in  this  case,  guide  it  I^l^l 

"  Addressed  10  mfMir,  <liil»l  ;«ars  earlier,  and  imUld^^l 
Ma;23,  iS3i.  I  ought,  however,  thangh  ngt  then  reeolMtit^^H 
k>nutice,lhBllh'iHei.\ifi\nui>>.bad    Ur.  Airy.  ^^| 

been    madi;  M  M-  a.n*o,  Blwea       *  Cb.(4i.t;tww.-«AJ1^P^<^^B 
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the  center  of  the  aiU'fiice  to  every  point  ia  the  circuni- 
ieresoe  of  the  circle,  anil  thus  Tiiake  it  a  coae.  Thia 
very  curious  and  unexpected  result,  which  Professor 
Hamilton  thus  obtained  from  the  theory,  bis  friend 
Professor  Llojd  verified  as  an  experimental  fact.  We 
may  notice,  also,  that  Professor  Lloyd  fouud  the  light 
of  the  conical  pencil  to  be  polarized  according  to  a  law 
of  an  nnusnal  kind;  but  one  which  was  easily  seen  to 
be  in  complete  accordance  with  the  theory. 

8.  Fringea  of  SItadovis.—The  phenomena  of  the 
fiinges  0/  ahadowa  of  small  holes  and  groups  of  holea, 
■which  had  been  the  auhject  of  experiment  by  Fmim- 
hofer,  were  at  a  later  period  carefully  observed  in  i< 
VMt  variety  of  cases  by  M.  Schwerd  of  Bpirea,  and 
published  in  a  separate  work,'^  Beugungs-ergeheinUHgen 
(Phenomena  of  Inflection),  1836.  In  this  Treatise, 
the  author  baa  with  great  industry  and  skill  calculated 
the  integrals  which,  as  we  have  seen,  are  requisite  in 
order  to  trace  the  consequencea  of  the  theory ;  and  the 
accordance  which  heiiuds  between  these  and  the  varii-d 
and  brilliant  results  of  observation  is  throughout  exact, 
'  I  shall,'  says)  he,  in  the  preface,"*  '  prove  by  the 
present  Treatise,  that  all  in  Section-phenomena,  through 
openings  of  any  form,  size,  and  arrangement,  are  not 
only  ex|jlained  by  the  undulation-theory,  hut  that 
they  can  he  represented  by  analytical  expressionN, 
determining  the  intensity  of  the  light  in  any  point 
whatever,'  And  he  jnstly  adds,  that  the  undulation- 
theory  accounts  for  the  phenomena  of  light,  as  com- 
pletely as  the  theory  of  gi-avitntion  does  for  the  facts 
of  the  solar  system. 

g.  Objections  to  tlte  Tfietny.—-We  have  hithei'to 
mentioned  only  ca-i^es  in  which  the  nndulatory  theory 
was  either  entirely  successful  in  explaining  the  facts, 
or  at  least  hypothetically  con&iateut  with  them  and 
with  itself.  But  other  objections  were  started,  and 
some  difficulties  were  long  considered  as  very  embar- 

'7  Die    flfUffuiiji-frffAriiiiinjrm,  ion   F.  M.  ScLwenl.     Uaonhelm, 
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rassing.  Objections  were  made  to  the  theory  by  sotiif 
English  experimenters,  as  Mr.  Potter,  Mr.  Barton, 
and  others.  These  appeared  in  scientific  jouma!s,aii(l 
were  afterw&rds  answered  in.  similar  publicatiocB.  Tlie 
objections  depended  partly  on  the  meaaore  of  tlifl 
intensity  of  light  in  the  difi'eretit  points  of  the  pheno- 
mena, (a  datum  which  it  is  very  diiBcuit  to  obtain 
with  accuracy  by  experiment ;)  and  partly  on  toiacun- 
ceptions  of  the  theoiy;  and  I  believe  there  are  Done 
of  them  which  would  now  be  insisted  on. 

We  may  mention,  also,  another  diffienlty,  which  il 
was  the  habit  of  the  opponents  of  the  theory  to  urge 
as  a  reproach  against  it,  long  after  it  had  been  sstis- 
fuotorily  explained  ;  I  mean  the  lialf-undulatitm  wiuoh 
Young  and  Fresnel  had  found  it  necessary,  i 
cases,  to  assume  as  gained  or  lost  by  one  of  the  nn. 
Though  they  and  their  foUowers  could  not  analyseU 
ineehaniam  of  I'efiection  with  sufficient  esactae«l| 
trace  out  all  the  circumstances,  it  was  not  difficnifv 
see,  upon  Fj-eaners  principles,  that  reflection  from  ^ 
interior  and  exterior  surface  of  glass  must  be  of  a^o- 
site  kinds,  which  might  be  expressed  by  suppnsng  one     11 
of  these  raya  to  lose  half  an  undulation.     And  thus 
there  came  into  view  a  justification  of  the  step  whict     I 
had    originally   been   taken   upon    empirical   gvonndi     Ij 
alone.  J 

10.  Dispersion,  on  the  Undulatory  Theory. — A 
difficulty  of  another  kind  oceadoned  a  more  seriow  ] 
and  protracted  embarrassment  to  the  cultivaton  of 
this  theory.  This  was  the  apparent  impossibility  of 
accounting,  on  the  theory,  for  the  prismatic  disperxipB 
of  colour.  For  it  had  been  shown  by  Newton  th«l 
the  amount  of  refraction  is  different  for  every  eoloOTi 
and  the  amount  of  refraction  depends  on  the  velodtj 
with  which  light  is  propagated.  Yet  the  theory  suf-  j 
gested  no  reason  why  the  velooity  should  be  differint 
I'or  different  colours:  for,  by  mathematical  calculalii'l'j 
vibrations  of  aH  degrees  of  rapidity  (in  which  alcne 
colours  differ)  are  propagated  with  the  same  sped' ' 
Nor  does  an&Vo^Y  ^***^  **>*  *"  eipeot  this  varifltj. 
There  la  no  &>wi\v  ftifiecsasa  >iaV-«iam.  ■^w.t  and  i>l«' 
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waves  of  air.  The  sounda  of  the  deepest  and  the 
highest  bells  of  a.  peal  are  heard  at  any  distance  in  the 
same  order.     Here,  therefore,  the  theory  wns  at  fault. 

But  this  defect  was  far  troiu  being  a.  fatal  one.  For 
though  the  theory  did  not  espiais,  it  did  not  contra* 
diet,  dispersion.  The  suppoaitioas  on  which  the  cal- 
ColatioDS  had  been  coudiicted,  and  tlie  analogy  of 
sound,  wei-e  obvioualj  in  no  sinall  degree  preuarioua. 
The  Telocity  of  propagation  might  differ  for  different 
rates  of  uudulatjun,  iu  virtue  of  many  oaates  which 
would  not  affect  the  geaei-al  theoretical  results. 

Many  such  hypothetical  causes  were  suggested  by 
-rtuious  eminent  mathematicians,  as  solutions  of  this 
conspicuous  difficulty.  But  without  dwelling  upou 
these  conjectures,  it  may  suffice  to  notice  that  hypo- 
thesis upon  which  the  attention  of  mathematicians 
waa  soon  concentrated.  This  was  the  kypothesU  of 
finite  intervulg  between  the  jtarticles  of  the  ether.  The 
length  of  one  of  those  undulations  which  produce 
light,  is  a  yery  small  quantity,  its  mean  value  being 
I-5o,oooth  of  an  inch;  hut  in  the  previous  investiga- 
tions of  the  consequences  of  the  theory,  it  had  been 
assumed  that  the  diHtance  tram  each  other,  of  the 
particles  of  the  ether,  which,  by  their  attractions  or 
repulsions,  caused  the  undulations  to  be  propagated,  is 
indeQoitely  less  than  this  small  quantity; — so  that  its 
amount  might  be  neglected  in  the  cases  in  which  the 
length  of  the  undulation  was  one  of  the  quantities 
which  determined  the  result.  But  this  assumption  was 
made  arbitrarily,  as  a  step  of  simplification,  and  because 
it  was  imagined  that,  in  this  way,  a  nearer  approach 
was  made  to  the  case  of  a  continuous  fluid  ether,  which 
the  supposition  of  distinct  particles  imperfectly  repre- 
aented.  It  was  still  free  for  mathematicians  to  proceed 
upon  the  o])po8ite  asBumption,  of  particles  of  which 
the  diatances  were  fiuite,  either  as  a  mathematical 
basis  of  calculation,  or  as  a  physical  hypothesis;  and 
it  remained  to  be  seen  ii^  when  this  was  done,  the 
velocity  of  light  would  still  be  the  same  for  different 
lengths  of  undulation,  that  is,  for  iHffereut  colours. 
M.  Cauohj-,  calculating,  upon  the  moat  gemiTsi  'fxvti.- 
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ciples,  the  motion  of  awch 
would  form  an  elastic  tned 
included  the  new  extflnsion  of  the  previoue  hypotheMi 
Profesaor  Powell,  of  Oxford,  applied  himself  to  reduce 
to  calculation,  and  to  compare  with  experiment,  the 
result  of  these  researches.  And  it  appeared  that,  on 
M.  Cauchy's  principles,  a  TariatJon  in  the  velocity  of 
light  is  produced  by  a  "variation  in  the  length  of  the 
wave,  provided  that  the  iuterval  between  the  molecales 
of  the  ether  bears  a  sensible  ratio  to  the  length  of  an 
undulation.  1'  Professor  Powell  obtained  also,  from 
the  general  espresaiona,  a  formula  expressing  the  rela- 
tion between  the  refractive  index  of  a  ray,  and  the 
length  of  a  wave,  or  the  colour  of  light.^  It  then 
became  his  'task  to  ascertain  whether  this  relation 
obtained  ex  pen  mental  ly ;  and  he  found  a  very  close 
agreement  between  the  numbers  which  resulted  from 
the  form\ila  and  those  observed  by  Fraanhofer,  for  ten 
different  kinds  of  media,  namely,  certain  glasses  and 
fluids.*'  To  these  he  afterwards  added  ten  other  oases 
of  crystals  observed  fay  M.  Sudberg,^'  Mr.  Kelland, 
of  Cambridge,  also  calculated,  in  a  manner  somewhat 
different,  the  results  of  the  same  hypothesis  of  finite 
intervals  ;^^  and,  obtaining  formulie  not  exactly  i' 
same  as  Professor  Powell,  found  also  an  agreemt 
between  these  and  Fraunhofer'a  observations. 

It  may  be   observed,   that  the  refractive 
observed  and  employed  in  these  comparisons, 
those  determined  by  the  colour  of  the  ray,  which 
not  capable  of  exact  identification,  but  those  nw 
accurate    measures   which   Fraunhofer  was    enabl 
to  make,  in  consequence  of  having  detected  in  the 
spectrum  the  black  lines  which  be  called  B,  C,  D,  E, 
F,  G,  H.     The   agreement  between   the   theoretical 
fonuulte  and  the  observed   numbers   is   remarkabl 
throughout  all  the  series  of  comparisons  of  which 
have  spoken.      Yet   we   must   at  present   hesitate 
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pronounce  upon  the  hypothesis  of  finite  infervHls,  as 
proved  hy  these  oalculatitiuB;  for  though  thia  liypo- 
thesia  has  given  results  agreeing  bo  oloaely  with  experi- 
nieni,  it  is  not  yet  olear  that  uthei-  hyjrathesea  niay 
not  produce  an  equal  agreement.  By  the  uatiire  of 
the  case,  there  miwt  be  a  certain  gradation  and  con- 
tinuity in  the  succesiiion  of  colours  in  the  Bpectrum, 
and  hence,  any  auppoaition  which  will  account  for  the 
general  fact  of  the  whole  dispersion,  may  possibly 
account  for  the  amount  of  the  intermediate  dispersions, 
because  these  must  be  iuterpolations  between  the 
exti'emes.  The  result  of  this  hypothetical  calculation, 
however,  shows  very  satisfactorily  that  there  is  not,  in 
the  fact  of  dispersion,  anything  which  is  at  all  for- 
midable to  the  undulatoiy  theory. 

11.  Concliititm. — There  are  several  other  of  the 
more  recondite  points  of  the  theory  which  may  be 
considered  as,  at  present,  too  undecided  to  allow  us  to 
apeak  hiaUiricaliy  of  the  discussions  which  they  have 
occasioned.'*  For  example,  it  ■was  conceived,  for  some 
time,  that  the  vibrations  of  polarized  light  are  perpen- 
dicular to  the  plane  of  polarization.  But  this  assump- 
tion was  not  an  essential  part  of  the  theory;  and  all 
the  phenomena  would  equally  allow  us  to  suppose  the 
vibrations  to  be  in  the  polarization  plane;  the  main 
requisite  being,  that  light  polarized  in  planes  at  right 
angles  to  each  other,  sbould  also  have  the  vihi-ations 
at  right  angles.  Accordingly,  for  some  time,  thia 
point  was  left  undecided  by  Young  and  Fresnei,  and, 
more  recently,  some  mathematicians  have  come  to  the 
opinion  that  ether  vibrates  in  the  plane  of  polariaition. 
The  theory  of  transverse  vibrations  is  equally  stable, 
whichever  supposition  may  be  finally  conhrmed. 

We  may  speak,  in  the  same  niaoser,  of  the  suppo- 
sitions which,  from  the  time  of  Young  and  Fresnei, 
the  cultivators  of  thia  theory  have  been  led  to  make 
respecting  the  mechanical  constitution  of  the  ether, 
and  the  forces  by  which  transverse  vibrations  are  pro- 
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iliiced.  It  waa  natural  ttat  varioiia  difficulties  aliould 
arise  upon  3iich  points,  for  transverae  vibrations  W 
not  previously  been  made  the  aubject  of  mfichaniwl 
calculation,  &nil  the  foiiies  vhich  occasion  tliem  most 
act  iu  a  diSerent  manner  from  those  which  wen 
previoualy  contemplated.  Still,  we  may  venture  to 
say,  without  entering  into  tliese  discuasiona,  thfit  it 
has  appeared,  irom  all  tLe  mathematical  I'eaaoning) 
which  have  been  pursued,  that  there  is  not,  ia  tlin 
conception  of  transverse  vibrations,  anything  incon- 
aiatent  either  with  the  principles  of  nuechftnios,  or 
with  the  beat  general  views  whieh  we  can  form,  of  fc 
forces  by  which  the  universe  ia  held  togetber. 

I  willingly  apeak  as  briefly  as  the  nature  of  taj 
undertaking  allows,  of  those  points  of  the  unduU- 
tory  theory  which  ai-e  stiJl  under  deliberation  among 
nmthematicians.  With  respect  to  these,  an  intinmU 
acquaintance  with  mathematica  and  physics  is  newa- 
aary  to  enable  any  one  to  underatand  the  steps  wiiich 
are  made  from  day  to  day;  and  atill  higher  philo- 
sophical qualifications  would  he  requisite  in  order  W 
pronounce  a  judgment  upon  them.  I  shall,  therefore, 
conclude  this  sui-vey  by  remarking  the  highly  promis- 
ing condition  of  tliia  great  department  of  acieace,  in 
reapect  to  the  character  of  its  cultivators.  Nothisg 
less  than  profound  thought  and  great  niatheDiaticai 
skill  can  enable  anj'  one  to  deal  with  this  theory,  in 
any  way  likely  to  promote  the  interests  of  sciem*- 
But  there  appears,  in  the  hoiizon  of  the  scientific 
world,  a  considerable  class  of  young  mathematicuw 
who  are  already  bringing  to  these  investigations  th' 
requisite  talents  and  zeal;  and  who,  having  acquireii 
their  knowledge  of  the  theory  since  the  time  wheu  iB 
aooeptation  was  doubtful,  possess,  without  effort,  thst 
singleueas  and  decision  of  view  as  to  its  fundamental 
doctrines,  which  it  is  dilHcult  for  those  to  attain  viuxn 
minda  have  had  to  go  through  the  hesitation,  struggle, 
and  balance  of  the  epoch  of  the  eBtablishment  of  the 
theory.  In  the  hands  of  this  new  generation,  it  i' 
reasonable  to  suppose  the  Analytical  Mechanics  of  ligW 
will  be  iniprovttiMmaii\i«a'0Qiii3iaiYtical  Mecbi»m« 
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of  the  Bolar  Byatem  was  by  the  Buccessors  of  Newton, 
We  have  already  had  to  notice  many  of  this  younger 
race  of  undulationists.  For  besides  MM.  Caucby, 
Poisson,  and  Amp&re,  M.  Lam€  has  been  more  recently 
following  these  researches  in  Prance.^*  In  Belgium, 
M.  Quetelet  has  given  great  attention  to  them ;  and, 
in  oar  own  country,  Sir  William  Hamilton,  anil 
Professor  Lloyd,  of  I>ublin,  have  been  followed  by  Mr. 
Mac  Cullagh.  Professor  Powell,  of  Oxford,  has  con- 
tinued his  researches  with  nnremitting  industry;  and, 
at  Cambridge,  Professor  Airy,  who  did  much  for  the 
establishment  and  diffusion  of  the  theory  before  he 
w^s  removed  to  the  poat  of  Astronomer  Koyal,  at 
Greenwich,  has  had  the  satisfaction  to  see  hia  labours 
continued  by  others,  even  to  the  most  recent  time;  for 
Mr.  Eelland,"''  whom  we  have  already  mentioned,  and 
Mr.  Archibald  Smith,^  the  two  persons  who,  in  1834 
and  1S36,  received  the  highest  mathematical  honours 
which  that  university  can  bestow,  have  both  of  them 
published  investigations  respecting  the  undulatoiy 
theory. 

We  may  be  permitted  to  add,  as  a  reflection  obvi- 
ously suggested  by  these  facts,  that  the  cause  of  the 
progress  of  science  ia  incalculably  benefited  by  the 
existence  of  a  body  of  men,  trained  and  stimulated  to 
the  study  of  the  higher  mathematics,  such  as  exists  in 
the  British  universities,  who  are  thus  prepared,  when 
as  abstruse  and  sublime  theory  comes  before  the  world 
with  all  the  characters  of  truth,  to  appreciate  its  evi- 
dence, to  take  steady  hold  of  its  principles,  to  pursue 
its  calculations,  and  thus  to  convert  into  a  portion  of 
the  permanent  treasure  and  inheritance  of  the  civilized 
world,  discoveries  which  might  otherwise  expire  with 
the  great  geniuses  who  produced  them,  and  he  lost  for 
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ages,  as,  in  former  times,  great  Bcientific  discoveria 
have  sometimes  been. 

The  reader  who  is  acquainted  with  the  hiatotjot 
recent  optical  discovery,  will  see  that  we  have  omitWd 
much  which  has  .justly  excited  admiratiou;  as,  ix 
example,  the  phenomena  produced  by  glass  olida 
heat  or  pressnre,  noticed  by  MM.  Lobeck,  Biot,  aoi 
Brewster,  and  many  moat  curious  properties  -'  — •*'■ 
oular  minerala.  We  have  omitted,  too,  all 
the  phenomena  and  laws  of  the  ahsorption  of  lighi 
which  hitherto  stand  unoonnected  with  the  theoi 
But  in  this  we  have  not  materially  deviated  from  o 
main  deaign;  for  our  end,  in  what  we  liave  done,  li 
been  to  trace  the  advances  of  Optics  towards  perfecti 
as  a  theory;  and  this  task  we  have  now  nearly  ej 
cutcd  as  fa,T  as  our  abilitiee  allow. 

We  have  been  desirous  of  showing  that  the  tf/pt' 
this  progress,  in  the  histories  of  the  two  great  ' 
Physical  Astronomy  and  Physical  Optics,  is  t 
lu  both  we  have  many  Laivg  of  Phenomena  del 
and  accumulated  by  acute  and  inventive  men;  we  ha 
Prehidial  gneases  which  touch  the  true  theory,  I 
which  remain  for  a  time  imperfect,  undeveloped,  i 
confirmed;  finally,  we  have  the  Epoch  when  this  tl 
theory,  clearly  apprehended  by  great  pbilosophv 
geniuses,  is  recommended  by  its  fuUy  explaiuing  wl 
it  was  first  meant  to  explain,  and  confirmed  by 
explaining  what  it  was  not  meant  to  exphun.  1 
have  then  its  Progress  stroggling  for  a  little  while  wi 
adverse  prepossession  a  and  difficulties;  finally  o* 
coming  all  these,  and  moving  onwards,  while 
trinmphal  procession  is  joined  by  all  the  younger  t 
more  vigorous  men  of  science. 

It  would,  perhaps,  be  too  iancifiil  to  attempt 
establish  a  parallelism  between  the  prominent  perM 
who  figure  in  these  two  histories.  If  we  were  to 
this,  we  must  consider  Huyghens  and  Hooke  as  sta 
ing  in  the  place  of  Copernicus,  since,  like  him,  ti 
Lounced  the  true  theory,  but  left  it  to  a  future  ; 
to  give  it  deve\o\(Hiftwt  and  mechanical  confirmatii 
Malua  and  Btevjalet,  gco-a^jwi^  'Omap.  ■«jjfi\.^t,  cqi 
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spond  to  Tycho  Bmhe  and  Kepler,  laborious  in 
accumulating  observationB,  inventive  and  happy  in 
discovering  lawa  of  phenomena ;  and  Young  and 
Freanel  combined,  make  up  the  Newton  of  optical 
science. 

[and  Ed.]  [In  the  llepoH  on.  Physical  Optki,  {BrJt. 
Ass.  Reports,  1834,)  by  Prof.  Lloyd,  the  progress  of 
the  mathematical  theory  after  Freanel's  labours  is 
stated  more  distinctly  than  I  Lave  stated  it,  to  the 
following  effect.  Ampfire,  in  1828,  proved  Freanel's 
mathematical  results  directly,  which  Fresnel  had  only 
proved  indirectly,  and  derived  from  hia  proof  Fresael's 
beautiful  geometrical  conBtruetion.  Prof.  Mac  Cidlagh 
not  long  after  gave  a  concise  demonstration  of  the 
same  theorem,  and  of  the  other  principal  points  of 
Freanel's  theory.  He  represents  the  elastic  force  by 
means  of  an  ellipsoid  whose  axes  are  inversely  propor- 
tional to  those  of  Fresnel'a  generating  ellipsoid,  and 
deduces  Fresnel's  construction  geometrically.  In  the 
third  Supplement  to  his  Jieaay  on  the  Theory  of 
Sygtema  0/  Raya,  {Trans.  R.  L  Amd.  vol.  xvii.)  Sir 
W,  Hamilton  has  presented  that  portion  of  Freaners 
theory  which  relates  to  the  fundamental  problem  of 
the  determination  of  the  velocity  and  polainzation  of  a 
plane  wave,  in  a  very  elegant  and  analytical  form. 
This  he  does  by  meana  of  what  he  calls  the  charac- 
ttrislic  Jwnction  of  the  optical  syatem  to  which  the 
problem  belongs.  From  this  function  is  deduced  the 
surfaee  of  wave-slownets  of  the  medium;  and  by  means 
of  this  Burtace,  the  direction  of  the  rays  refracted  into 
the  medium.  From  this  conatruction  also  Sir  W. 
Hamilton  was  led  to  the  anticipation  of  conical  refrac- 
tion, mentioned  above. 

The  investigations  of  MM.  Cauchy  and  Lam6  refer 
to  the  laws  by  which  the  particles  of  the  ether  act 
upon  each  other  and  upon  the  particles  of  other 
bodies; — ^a  field  of  speculation  which  appears  to  me 
not  yet  ripe  for  the  final  operations  of  the  analyst. 

Among  the  mathematicians  who  have  supplied 
defects  in  Fresnel's  reasoning  on  this  BttVijeiA,  \  ■toon 
meation  Mr.  Tovey,  who  treated  it  in  aeveiraX  \«^e\a 
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in  the  Philosophical  Magai^ne  (1837-40).     Mr.  Tovey'a 
early  death  must  Le  deemed  a  loss  to  mathematical 

Beaidea  inyeEtigating  the  motion  of  eynnaetrical' 
Hyatflras  of  j)article3  which  may  be  aiippoBed  to 
spond  to  biasal  crystala,  Mr.  Tovey  ooosidered  the 
case  of  unaymmetrical  ayBtems,  and  fouud  that  t^e 
undulatioDB  propagated  would,  in  the  general  case,  be 
elliptical ;  and  that  in  a.  particular  ease,  circular  ondn- 
lutioDS  would  take  place,  such  as  are  propagated  alon^ 
the  axis  of  quartz.  It  appears  to  me,  however,  that  ho 
has  not  given  a  definite  meaning  to  those  limitations 
of  his  general  hypothesis  which  conduct  him  to  this 
result.  Perhaps  if  the  hypothetical  conditions  of  this 
result  were  traced  into  detail,  they  would  be  found  to 
reside  in  a  screw-lUce  arrangement  of  the  elementary 
particles,  in  some  degree  such  as  wystala  of  quat  ^ 
themselves  exhibit  in  their  forms,  when  they  hai 
plagihedral  faces  at  both  ends. 

Such  crystals  of  quartz  are,  some  like  a  light-handaf ' 
and  some  like  a  left-handed  screw;  and,  as  Sir  John 
Herschel  discovered,  the  circidar  polarization  is  right- 
handed  or  left-handed  according  as  the  plagihedral 
form  is  so.  In  Mr.  Tovey's  hypothetical  inveatigBtion 
it  doea  not  appear  upon  what  part  of  the  hypothesis 
this  difference  of  right  and  left-handed  depends.  The 
definition  of  this  part  of  the  hypothesis  is  a  very  desir- 
able step. 

When  crystals  of  Quai-tz  are  right-handed  at  one 
end,  they  are  right-lianded  at  the  other  end;  but  there 
is  a  different  kind  of  plagihedral  form,  which  occurs  in 
some  other  crystals,  for  instance,  in  Apatite ;  in  these 
the  plagihedral  faces  ai'e  right-handed  at  the  one 
extremity  and  left-handed  at  the  other.  For  the  sake 
of  distinction,  we  may  call  the  former  homologi 
plagihedial  faces,  since,  at  both  ends,  they  have 
same  name ;    and   the  latter  heterologous  plagiht 

The  homologona  plagihedral  faces  of  Quartz  crystals 
are  accompamed  ^I'j  VoTwAd^froa  iJvtu'Ara:  ■^'iMciiatifln 
of  the  same  name,     1.  Aii  iwA  Ytio-w  'CnaSi  V^'uetAQ^jyta. 
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circular  polarization  has  been  observed  in  any  crystal, 
but  it  has  been  discovered  by  Dr.  Faraday  to  occur  in 

ass,  &c.  when  subjected  to  powerful  magnetic  action. 

Perhaps  it  was  presumptuous  in  me  to  attempt  to  draw 
such  comparisons,  especially  with  regard  to  living  per- 
sons, as  I  have  done  in  the  preceding  pages  of  this  Book. 
Having  published  this  passage,  however,  I  shall  not 
now  suppress  it.  But  I  may  observe  that  the  imjnense 
number  and  variety  of  the  beautiful  optical  discoveries 
which  we  owe  to  Sir  David  Brewster  makes  the  com- 
parison in  his  case  a  very  imperfect  representation  of 
his  triumphs  over  nature ;  and  that,  besides  his  place  in 
the  history  of  the  Theory  of  Optics,  he  must  hold  a  most 
eminent  position  in  the  history  of  Optical  Crystallo- 
graphy, whenever  the  discovery  of  a  True  Optical  Theory 
of  Crystals  supplies  us  with  the  Epoch  to  which  his 
labours  in  this  field  form  so  rich  a  Prelude.  I  cor- 
dially assent  to  the  expression  employed  by  Mr.  Airy 
in  the  Phil,  Trcms.  for  1840,  in  which  he  speaks  of  Sir 
David  Brewster  as  "the  Father  of  Modern  Experi- 
mental Optics."] 
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Et  primiim  faciunt  ignem  se  vortere  in  auras 
Aeris  ;  hinc  imbrem  gigni  terramque  creari 
Ex  imbri ;  retroque  a  terr&  cuncta  revorti, 
Humorem  primum,  post  aera  deinde  calorem ; 
Nee  cessare  hsec  inter  se  mutare,  nieare, 
De  coelo  ad  terram  de  terrS  ad  sidera  mundi. 

LuoKETiiJS,  i.  783. 


Water,  and  Air,  and  Fire,  alternate  run 
Their  endless  circle,  multiform,  yet  one. 
For,  moulded  by  the  fervour's  latent  beams. 
Solids  flow  loose,  and  fluids  flash  to  steams. 
And  elemental  flame,  with  secret  force. 
Pursues  through  earth,  air,  sky,  its  stated  course. 


INTEODTTCTION. 


Of  TherTmtics  and  Alnwlogy. 

I  EMPLOY  the  term  Thermoiics,  io  include  all  the 
doclrlues  respecting  Heat,  which  have  hitherto 
been  established  ou  proper  scientific  grounds.  Our 
survey  of  the  history  of  this  branch  of  science  must 
be  more  rapid  and  less  detailed  than  it  has  been  in 
those  subjects  of  which  we  have  hitherto  treated : 
for  our  knowledge  is,  in  this  cnae,  more  vague  and 
uncertain  than  in  the  others,  and  has  made  less  pro- 
gress towards  a  general  and  certain  theory.  Still,  the 
narrative  is  too  imporbint  and  too  instructive  to  be 
passed  over. 

The  distinction  of  Fomml  Thermotics  and  Physica 
ThermoticB, — of  the  discovery  of  the  mere  Laws  of 
Phenomena,  and  the  discovery  of  their  Causes, — is 
appEcable  here,  aa  in  other  deiiartmeuta  of  our  know- 
ledge. But  we  cannot  exhibit,  in  any  prominent 
manner,  the  latter  division  of  the  science  now  before 
us;  since  no  general  theory  of  heat  has  yet  been  pro- 
pounded, which  affords  the  means  of  calculating  the 
CLFCHmstances  of  the  phenomena  of  conduction,  radia- 
tion, expansion,  and  change  of  solid,  liquid,  and  gaseous 
form.  Still,  ou  each  of  these  subjects  there  have  been 
proposed,  and  extensively  assented  to,  certain  general 
views,  each  of  which  explains  its  appropriate  class  of 
phenomena;  and,  in  some  ca^es,  these  principles  have 
been  clothed  in  precise  and  uiatheaiatical  conditions, 
and  thus  made  bases  of  calculation. 

These  principles,  thus  possessing  a  generality  of  a 
limited  kind,  connecting  several  observed  laws  of  phe- 
nomena, but  yet  not  connecting  all  the  observed  classes 
of  facts  which  relate  to  heat,  will  require  our  separate 
■  attention.  They  may  be  described  b.s  the  DocUme.  ot 
Conduction,  the  Doctrine  of  Radiation,  ttift  ^ontraxa 
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of  specific  Heat,  and  the  Doctrine  of  Latent  Heat;  I 
and  tlieae,  and  Himilar  doctrines  retipectiDg  heat,  make  I 
op  the  science  which  we  may  call  Thermotics  proper,     fl 

But  besides  these   cMjllections  of  principles  whiA  H 
regard  heat  by  itself,  the  relations  of  heat  and  moiatnn  fl 
^ve  rise  to  another  extensive  and  importaDt  collecdon  ■ 
of  laws  and  principles,  which  I  shall  treat  of  in  a)a>fl 
nexion  with  Thermotica,  and  shall  term  jl(ma2o^H 
borrowing  the  term  from  the   Greek  word   (ilr/wtiilB 
which  signifies  vapour.     The  Almosph^'evas  so  namral 
by  the  Greeks,  as  being  a  sphere  of  vapour;  and,  im^-H 
doubtedly,   the  most    general   and  important  of  th»H 
phenomena  which  take  place  in  the  air,  by  which  tlufcfl 
earth  is  snrrouuded,  are  those  in  which  water,  of  om9 
ixngistence  or  other  (ics,  water,  or  steam),  ia  concenie4V 
The  knowledge  which  relates  to  what  takes  place  vk'^ 
the   atmosphere  ha;s  been  called  Meteorology,  in  its  ' 
collective  form;  but  stich  knowledge  is,  in  feet,  com- 
posed of  parts  of  many  different  sciences.     And  it  ia 
Tiseful  for  our  purpose  to  consider   separately  those 
portions  of  Meteorology  which  have  reference  to  the 
laws   of  aqneous  vapour,  and  these  we  may  include 
under  the  term  Atmology. 

The  instruments  which  have  been  invented  for  th^ 
purpose  of  measuring  the  moisture  of  the  air,  that  ii 
the  quantity  of  vapour  which  exists  in  it,  have  bee 
termed  Hygromel&rsj  and  the  doctrines  on  which  thaa 
instruments  depend,  and  to  which  they  lead,  have  h 
caUed  Hygrojnetry ;  but  this  term  has  not  been  u 
in  quite  so  extensive  a  sense  as  that  which  v 
to  affix  to  Atmology. 

In  treating  of  Thermotica,  we  ahuU  first  describ 
the  earlier  progi-css  of  men's  views  couoernLng  Ctm 
duction,  Badiation,  and  the  like,  and  shall  tbea  speaj 
of  the  more  recent  corrections  and  extensions,  bj 
which  they  have  been  brought  nearer  to  theoretics 
generality. 


THERMOTICS  PROPER. 


CHAPTER  1. 
The  Doctrines  or  Conduction  and  Kadiatioit. 


Section  i. — IntrodiKlion  of  tlie  Doctrine  of  Condui^ffn. 

BY  conduction  is  meant  the  propagatioii  of  heat 
from  one  part  to  another  of  a  cnntinunii8  body; 
or  from  one  body  to  another  in  coutact  with  it;  as 
whea  one  end  of  a  poktir  stuck  in  the  tire  heats  the 
other  end,  or  when  this  end  heats  the  hand  which 
takes  hold  of  it.  By  radiation  is  meant  the  difiiisioa 
of  heat  from  the  surface  of  a  body  to  points  not  in 
oontact.  It  is  clear  in  both  these  cases,  that,  in  pro- 
portion as  the  hot  portion  ia  liotter,  it  produces  a 
greater  effect  in  warming  the  cooler  portion ;  that  is, 
it  commimiicaten  more  Heat  to  it,  if  Heal  be  the  abstract 
conception  of  which  this  effect  is  the  measure.  The 
aimplest  rule  which  can  be  proposed  is,  that  the  heat 
thoa  communicated  in  a  given  instant  is  proportional 
to  the  excess  of  the  heat  of  the  hot  body  over  that  of 
the  contiguous  bodies;  there  are  no  obvious  phenomena 
which  couti-adict  the  supposition  that  this  is  the  true 
law;  and  it  was  thence  assumed  hy  Newton  as  the  true 
law  for  radiation,  and  by  other  writers  for  conduction. 
This  aasumption  was  confirmed  approximately,  and 
afterwards  corrected,  for  the  case  of  Radiation;  in  its 
application  to  Conduction,  it  has  been  made  the  basis 
of  calculation  up  to  the  present  time.  We  may  observe 
that  this  statement  takes  for  granted  that  we  have 
attained  to  a.  measure  of  heat  (or  of  temperature,  as 
heat  thus  measured  is  termed.)  correft\ionding  to  tbe 
Jaw tbua assumed;  and, in  fact,  as  weBh.all\ia\eo(Kaa\wi. 
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to  explain  in  speaking  of  tlie  tneoBures  of  sensibl 
qualities,  the  themiometrical  scale  of  beat  according  ' 
the  expansion  of  liquids,  (which  is  the  measure  of  tei 
perature  here  adopted,}  was  conatmcted  with  a  referen 
to  Newton's  law  of  radiation  of  heat ;  and  thus  the  1ft' 
is  neceasarily  consistent  with  the  Boal& 

In  anycasein  which  the  parts  of  abodyarenneqni 
hot,  the  temperature  will  Tary  continuously  i 
from  one  part  of  the  body  to  another;  thus,  a 
bar  of  iron,  of  which  one  end  is  kept  red  hot, 
exhibit  a.  gradual  diminution  of  tempei'ature  at 
ceaaire  points,  proceeding  to  the  other  end.  The  It' 
of  temperature  of  tlie  partx  of  such  a  bar  might  I 
expressed  by  the  ordinates  of  a  cume  which  shoa 
run  alongside  the  bar.  And,  in  order  to  trace  math 
maticaJly  the  consequences  of  the  assumed  law,  son 
of  tliose  processes  would  be  necessary,  by  which  math 
maticiana  are  enabled  to  deal  with  the  properties  1 
curves;  as  the  method  of  infinitesimals,  or  the  dl 
ferential  calculus;  and  the  truth  or  falsehood  of  U 
law  would  be  determined,  according  to  the  usual  rules  1 
inductive  science,  by  a  comparison  of  results  so  deduM 
from  the  principle,  with  the  observed  phenomena. 

It  was  easily  pei-ceived  that  this  comparison  was  tl 
task  which  physical  inquirers  had  to  perform;  but  tl 
ezeoution  of  it  was  delayed  for  some  time;  parti 
perhaps,  because  the  mathematical  process  present< 
some  difficulties.    Even  in  a  case  so  simple  as  that  abov^^ 
mentioned,  of  a  linear  bar  with  a  stationary  tempera- 
ture at  one  end,  partial  differenliaU  entered;  for  there 
were  three  variable  quantities,  the  time,  as  well  as  the 
place  of  each  point  and  its  temperature.     And  at  fit 
another  scruple  occurred  to  M.  Eiot  when,  about  i8( 
he  undertook  this  problem.^      '  A  difficulty,'  aays 
ptace,^  in  1809,  'presents  itself,  wiiich  has  not  yet' 
solved.     The  quantities  of  heat  received  and  con 
nicated  in  an  instant  (by  any  point  of  the  bar)  1 
be  infinitely  small  quantities  of  the  same  order  sa 
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excess  of  the  heat  of  a  slice  of  the  body  over  that  of 
the  contiguous  slice;  tlierefore  the  excesa  of  the  heat 
received  by  any  slice  over  the  heat  ooiiimunicat«d,  is 
an  iafinilely  sniali  quantity  of  the  second  order;  and 
the  accumulation  in  a  finite  time  (which  depenils  on 
this  excesH)  cannot  be  finite.'  I  conceive  that  this 
difficulty  arises  entirely  from  an  arbitrary  and  unne- 
ceasary  assumption  concerning  the  relation  of  the 
infinitesimal  parts  of  the  body.  Laplace  resolved  tlie 
difficulty  by  further  reasoning,  founded  upon  the  same 
asaumptioD  which  occasioned  it ;  but  Fourier,  who  was 
the  most  distinguished  of  the  cultivators  of  this  mathe- 
matical doctrine  of  conduction,  follows  a  course  01 
reasoning  in  which  the  diHiculty  does  not  present  itself 
Indeed  it  is  stated  by  Laplace,  in  the  Memoir  above 
quoted,*  that  Fourier  had  alrendy  obtained  the  true 
^indaiuental  equations  by  views  of  his  own. 

The  remaining  part  of  the  history  of  the  doctrine 
of  conduction  is  principally  the  history  of  Fourier's 
labours.  Attention  having  been  drawn  to  the  subject, 
aa  we  have  mentioned,  the  French.  Institute,  in  January, 
iSio,  proposed,  as  their  prize  question,  '  To  give  the 
mathematical  theory  of  the  laws  of  the  propagation  of 
heat,  and  to  compare  this  theory  with  esact  observa- 
tions.' Fourier's  Memoir  (the  sequel  of  one  delivered 
in  1807,)  was  sent  in  September,  1811;  and  the  prize 
(3000  francs)  adjudged  to  it  in  1S12.  In  consequence 
of  the  political  confusion  which  prevailed  in  France, 
or  of  other  causes,  these  important  Memoirs  were  not 
pablished  by  the  Academy  till  1824  ;  but  extracts  had 
been  printed  in  the  Bulletin  des  Sdences  in  1808,  and 
in  the  Anjudes  de  Chimis  in  1816;  and  Foisson  and 
M.  Cauchy  had  consulted  the  manuscrij)t  itself. 

It  is  not  my  piu;po8e  to  give,  in  this  place,*  an 
account  of  the  analytical  processes  by  which  Fourier 
obtained  his  results.  The  skill  displayed  in  these 
Memoirs  is  such  as  to  make  them  an  object  of  just 
admiration  to  mathematicians ;  but  they  consist  entirely 

iitliemfttlcBi  «m\U  \n  We 
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of  deductions  from  the  fondaiiieiital  principle  Mrbieli  I  " 
liave  noticed, —that  the  quantity  of  heat  conducted 
from  a  hotter  to  a,  colder  point  is  proportiouftl  to  the 
excess  of  heat,  modified  bj  the  conthictivity,  or  con- 
ducting power  of  each  aubstance.  The  equations  wltich 
flow  fi~oiu  this  principle  assume  nearly  the  same  forms 
as  those  which  occur  in  the  moat  general  problems  of 
hyd rod jn amies.  Besides  Fourier's  solution,  Laplace, 
PoisHon,  and  M.  Cauchy  have  also  exercised  their  great 
analytical  skill  in  the  management  of  these  formnlo. 
We  shall  briefly  speak  of  the  comparison  of  the  results 
of  these  reasonings  with  experiment,  and  notice  some 
other  consequences  to  which  they  lead.  But  before 
-we  can  do  this,  we  must  pay  some  attention  to  the 
subject  of  radiation. 

Seel.  3. — Introduction  of  the  Boeirine  o/Sadi 

A  HOT  body,  as  a  mass  of  incandescent  iron,  e 
heat,  as  we  perceive  by  our  senses  when  we  appr 
it;  and  by  this  emission  of  heat  the  hot  body  cooIb 
down.  The  first  step  in  our  systematic  knowledge  of 
this  subject  was  made  in  the  Principia.  '  It  was  in 
the  deetiny  of  that  great  work,'  says  Fourie*, 
exhibit,  or  at  least,  to  indicate,  the  causes  of  the  p 
cipal  phenomena  of  the  universe.'  Newton  a 
as  we  have  already  said,  that  the  rate  at  which  a.  bo^n 
cools,  that  is,  parts  with  its  heat  to  surroundiog 
bodies,  ia  proportional  to  itfl  heat ;  and  on  this  assump- 
tion he  rested  the  verification  of  his  scale  of  tempera- 
tures. It  is  an  easy  deduction  from  this  law,  that  if 
times  of  cooliug  be  taken  in  arithmetical  progressiuD, 
the  heat  will  decrease  in  geometrical  progrssdoii. 
Kraft,  and  after  him  Kichman,  tried  to  verify  this  liv 
by  direct  experiments  on  the  cooling  of  vessels  of  warm 
water;  and  from  these  esperimenta,  which  have  siaoe 
been  repeated  by  others,  it  appears  that  for  differences 
of  temperature  which  do  not  exceed  50  degrees  (boiliDg 
water  being  100),  this  geometrical  progression  repfe^ 
Bents,  wiUv  toYeTO-lilfi  (but  not  with  complete)  accuracj, 
the  proceaa  ot  cooWn^. 


pproBM^ 
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Thia  prinoiple  of  radiation,  like  tbat  of  conduction, 
required  to  be  followed  out  by  mntheinatical  reaaoiiing. 
But  it  required  also  to  be  corrected  in  the  first  place, 
for  it  was  easily  seen  tbat  tbe  rate  of  cooling  depended, 
not  on  the  absolute  temjierature  of  the  body,  but  on 
the  excess  of  its  temperature  above  the  siirrounding 
objects  to  which  it  communicated  its  heat  in  cooling. 
And  philosophers  were  naturally  led  to  endeavour  to 
explain  or  illustrate  this  process  by  some  physical 
notiouB,  Lambert  in  i755  publiabed^  an  Easay  on 
the  Force  of  Heat,  in  which  he  assimilates  the  com- 
munication of  heat  to  the  flow  of  a  fluid  out  of  one 
vessel  into  another  by  an  excess  of  pressure;  and 
mathematicnlly  deduces  the  laws  of  the  process  on  this 
ground.  But  some  additional  &otB  suggested  a  dif- 
ferent view  of  thia  subject.  It  was  found  that  heat 
ie  propagated  by  radiation  according  to  straight  lines, 
like  light;  and  that  it  is,  as  light  is,  capable  of  being 
reflected  by  mirrors,  and  thus  brought  to  a  focus  of 
intonaer  action.  In  this  manner  the  radiative  effect 
of  a  body  could  be  more  precisely  traced.  A  fact, 
however,  came  imder  notice,  which,  at  first  sight, 
appeared  to  offer  some  difficulty.  It  appeared  that 
cold  was  reflected  no  less  than  heat.  A  mass  of  ice, 
when  its  eflect  was  concentrated  on  a  thermometer 
by  a  system  of  mirrors,  made  the  thermometer  fall, 
just  as  a  vessel  of  hot  water  placed  in  a  similar  situa- 
tioB  made  it  rise.  Was  cold,  then,  to  be  supposed  a 
real  substance,  no  less  than  beati 

The  solution  of  this  and  similar  difficulties  was  given 
by  Pierre  Prevoat,  professor  at  Geneva,  whose  theory 
of  radiant  heat  was  proposed  about  1790-  According 
to  this  theory,  heat,  or  eahric,  is  constantly  radiating 
from  every  point  of  the  snriace  of  all  bodies  in  straight 
linesj  and  it  radiates  the  more  copiously,  the  greater 
is  the  quantity  of  heat  which  the  body  contains. 
Hence  a  constant  exchange  of  heat  is  going  on  among 
neighbouring  bodies;  and  a  body  grows  hotter  or 
colder,  accordingly  as  it  receives  more  caloric  than  it 
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emits,  or  the  contrary.  And  thus  a  body  is  cooluJ  dj 
rectilinear  rays  from  a  cold  body,  because  along  these  i 
paths  it  Benda  rays  of  heat  in  greater  abundance  thim 
those  which  i-eturn  the  same  way.  This  theory  if 
exeliaaiffes  ia  aimple  and  satisfactory,  and  ■vraa  mm 
generally  adopted;  but  we  must  consider  it  rather  m 
the  simplest  mode  of  expre^ing  the  depeodenee  of  the 
communication  of  heat  on  the  eKcess  of  temperature, 
than  as  a  proposition  of  which  the  physical  truth  « 
clearly  established. 

A.  number  of  curions  researches  on  the  effect  of  the 
different  kinds  of  snrface  of  the  heating  and  of  the 
heated  body,  were  made  i  y  Leslie  and  others.  On 
these  I  shall  not  dwell;  only  observing,  that  the  rel*- 
tive  amount  of  this  radiative  and  receptive  ene:^  may 
be  expressed  by  numbers,  for  each  kind  of  surface; 
and  that  we  shall  have  occasion  to  speak  of  it  under 
the  term  exterior  conductivity;  it  is  thus  distinguished 
irom  intifrior  coTiductvoity,  which  is  the  relative  rate  at 
which  heat  is  conducted  in  the  interior  of  bodies." 


The  interior  and  exterior  conductivity  of  bodies  sra 
numbers,  which  enter  as  elements,  or  coefficients,  into 
the  mathematical  calculations  founded  on  the  doctrines 
of  conduction  and  radiation.  These  coeSicienta  ore  to 
be  determined  for  each  case  by  appropriate  experi- 
ments: when  the  experimenters  had  obtained  these 
data,  as  well  as  the  mathematical  solutions  of  the 
problems,  they  could  test  the  truth  of  their  fundameMAl 
principles  by  a  comparisuu  of  the  theoretical  sDii 
actual  results  in  properly-selected  cases.  This  was 
done  for  the  law  of  conduction  in  the  simple  cases  of 

'  ThetBrmemploycd  by  Fourier,  therefore  Tenturcd  upon  t  ilijU 
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metallic  tara  heated  at  one  end,  by  M.  Biot,^  and  the 
accordance  with  experiment  was  anfficiently  close.  In 
the  more  complex  cases  of  conduction  which  Fourier 
considered,  it  was  leas  easy  to  devise  a  satisfactory 
mode  of  comparison.  But  some  rather  curioua  rela- 
tions which  he  demonstrated  to  exist  among  the  tem- 
peratures at  different  points  of  an  armiUe,  or  ring, 
afforded  a  good  criterion  of  the  value  of  the  calcula- 
tions, and  confirmed  their  correctness.'' 

We  may  therefore  presume  these  doctrines  of  radia- 
tion and  conduction  to  he  sufficiently  estabLLshed;  and 
we  may  consider  their  application  to  any  remarkable 
case  to  he  a  portion  of  the  history  of  science.  We 
proceed  to  some  such  applications. 

Sect.  4, — y/te  Geological  and  Co»mological  Applicatwn 
of  Tliermoliea. 

Bt  tea  the  most  important  case  to  which  conclusions 
from  these  doctrines  have  been  applied,  is  that  of  the 
globe  of  the  earth,  and  of  those  laws  of  climate  to 
which  the  modifications  of  temperature  give  rise;  and 
in  this  way  we  are  led  to  inferences  concerning  other 
parts  of  the  nniverae.  If  we  had  any  means  of  observ- 
ing these  terrestrial  and  cosmical  phenomena  to  a  suf- 
ficient extent,  they  would  be  valuable  feota  on  which 
we  might  erect  our  theories;  and  they  would  thus 
form  part,  not  of  the  corollaries,  hut  of  the  founda^ 
tions  of  our  doctrine  of  heat.  In  such  a  case,  the 
laws  of  the  propagation  of  heat,  ns  discovered  from 
experiments  on  smaller  bodies,  would  servo  to  explain 
these  phenomena  of  the  universe,  just  aa  the  laws  01 
motion  explain  the  celestial  movements.  But  since 
we  are  almost  entirely  without  any  definite  indica- 
tions of  the  condition  of  the  other  bodies  in  the 
solar  system  as  to  heat ;  and  since,  even  with  regard  to 
the  ewlh,  we  know  only  the  temperatui-e  of  the  parts 
at  or  very  near  the  surface,  our  knowledge  of  the  part 
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which  heat  plays  in  the  earth  and  the  heavens  miKt 
be  in  a  great,  measure,  not  a  generalization  of  observed 
facts,  but  a  dedtictio>D  from  theoretical  principles. 
Still,  auch  knowledge,  "whether  obtained  from  observn- 
tion  or  from  theory,  must  possess  great  interest  &ai 
importance.  The  doctrines  of  this  kind  which  we 
have  to  notice  refer  principally  to  the  effect  of  the 
finn's  heat  on  the  earth, — the  laws  of  climate, — the 
thermotical  condition  of  the  interior  of  the  earth, — 
and  that  of  the  planetary  spaces. 

I.  Bfect  of  Solar  Heat  on  the  IBarth.— That  the 
sun's  heat  passes  into  the  interior  of  the  earth  in  & 
variable  manner,  depending  upon  the  succession  of 
days  and  nights,  sunLmers  and  winters,  is  an  obvious 
consequence  of  our  first  notions  on  this  subject.  The 
mode  in  which  it  proceeds  into  the  interior,  after 
descending  below  the  surface,  remained  to  be  gathered, 
either  fi«m  the  phenomena,  or  irom  reasoning.  Both 
methods  were  employed.*  Saussure  endeavoured  to 
trace  its  course  by  digging,  in  1785,  and  thus  found 
that  at  the  depth  of  about  thirty-one  feet,  the  annual 
variation  of  temperature  is  about  i-isth  what  it  is  at 
the  surface.  Leslie  adopted  a  better  method,  sinking 
the  bulbs  of  thermometers  deep  in  the  earth,  while 
their  stems  appeared  above  the  surfece.  In  1815,  16, 
and  17,  he  observed  thus  the  temperatures  at  the 
depths  of  one,  two,  four,  and  eight  feet,  at  Abbots- 
hall,  in  Fifeshire.  The  results  showed  that  the 
extreme  annual  oscillations  of  the  temperature  dimi- 
nish as  we  descend,  At  the  depth  of  one  foot,  the 
yearly  range  of  oscillation  was  twenty-five  degree* 
(Fahrenheit) ;  at  two  feet  it  was  twenty  degrees ;  at 
four  feet  it  was  fiileen  degrees ;  at  eight  feet,  it  was 
only  nine  degrees  and  a  half.  And  the  time  at  which 
the  heat  was  greatest  was  later  and  later  in  proceeding 
to  the  lower  points.  At  one  foot,  the  maximum  and 
minimum  were  three  weeks  after  the  solstioe  of 
summer  and  of  winter;  at  two  feet,  they  were  fbnr 

five  weeks;  at  four  feet,  they  were  two  monthijl 
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and  at  eight  feet,  three  months.  The  mean  tempem- 
tiire  of  all  the  thermometers  was  nearly  the  same. 
Similar  resalta  were  obtained  by  Ott  at  Zurich  in 
176a,  and  by  Herrenschneider  at  Strasburg  in  1821, 

These  resoItB  had  already  been  explained  by  Fourier's 
theory  of  conduction.  He  had  shown"  that  when  the 
Borface  of  a  sphere  is  affected  by  a  ]>eriodioal  heat, 
cerUin  alternations  of  heat  travel  unitbrmly  into  the 
interior,  but  that  the  extent  of  the  alternation 
diminishes  in  geometrical  pi'ogreBsion  in  this  descent. 
This  conclusion  applies  to  the  effect  of  days  and  years 
on  the  temperature  of  the  earth,  and  shows  that  such 
facta  as  those  observed  by  Leslie  are  both  excmptifica- 
tiona  of  the  general  circumstances  of  the  eai-th,  and  are 
perfectly  in  accordance  with  the  principles  on  which 
Fourier's  theory  I'ests. 

a.  Climale. — The  term  dimaie,  which  means  inclina- 
tion, was  applied  by  the  ancients  to  denote  that 
inclination  of  the  axis  of  the  terrestrial  sphere  from 
which  result  the  inequalities  of  days  in  different  lati- 
tudes. This  inequality  is  obvionaly  connected  also 
with  a  difference  of  thermotical  condition.  Places 
near  the  poles  are  colder,  on  the  whole,  than  places 
near  the  equator.  It  was  a  natural  object  of  curiosity 
to  determine  the  law  of  this  variation. 

Such  a  determination,  however,  involves  many  diffi- 
culties, and  the  settlement  of  several  preliminary 
points.  How  is  the  temperature  of  any  place  to  be 
estimated  ?  and  if  we  reply,  by  its  viean  temperature, 
how  are  we  to  learn  this  mean  1  The  answers  to  such 
questions  require  very  multiplied  obserrations,  exact 
instruments,  and  judicious  generalizations ;  and  oannot 
be  given  here.  But  certain  first  approximations  may 
be  obtained  without  much  difficulty;  tor  instance,  the 
mean  temperature  of  any  place  may  be  taken  to  be  the 
temperature  ofdeep  springs,  which  is  probably  identical 
iritli  the  temperature  of  the  soil  below  the  reach  of  the 
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flimual  oscillations.  Proceeding  on  such  facts,  Mayer 
found  that  the  mean  temperature  of  any  place  wos 
nearly  proportional  to  the  nquai'e  of  the  cosine  of  the 
latitude.  This,  as  a  law  of  phenomena,  has  since  been 
fonnd  to  require  considerable  correction ;  and  it  appeara 
that  the  mean  temperature  does  not  depend  on  the 
latitude  alone,  but  on.  the  distribution  of  land  and 
water,  and  on  other  causes,  M.  de  Humboldt  has 
expressed  these  deyiations'-  by  bia  map  of  ieothermd 
lines,  and  Sir  D.  Browster  has  endeavoured  to  redace 
them  to  a  law  by  assuming  two  jjo^es  of  tnammum 

The  espesaion  which  Fourier  finds''  for  the  distri- 
bution of  heat  in  a  homogeneous  sphere,  ia  not  imme- 
diately comparable  with  Mayer's  empirical  formula, 
being  obtained  on  a  -certain  hypothesis,  namely,  tltat 
the  equator  is  kept  constantly  at  a  fixed  temperature. 
But  there  is  still  a  general  agreement ;  for,  according 
to  the  theory,  there  is  a  diminution  of  heat  in  proceed- 
ing from  the  equator  to  the  poles  in  such  a  ease;  the 
heat  ia  propagated  from  the  equator  and  the  neighbour- 
ing parts,  and  radiates  out  from  the  poles  into  the 
surrounding  space.  And  thus,  in  the  case  of  the  earth, 
the  solar  heat  enters  in  the  tropical  parts,  and  oaw 
stantly  flows  towards  the  polar  regions,  hy  which  it " 
emitted  into  the  planetary  spacer 

Climate  ia  affected  by  many  thermotic  influeni 
besides  the  conduction  and  radiation  of  the  solid 
of  the  earth.  The  atmosphere,  for  example,  prodi 
upon  terrestrial  temperatures  effects  which  it  ia  t 
to  see  are  very  great;  hut  these  it  is  not  yet 
power  of  calculation  to  appreciate;^*  and  it  ia 
that  they  depend  upon  other  properties  of  air  besii 
its  power  to  transmit  heat.  We  must  tin 
dismiss  them,  at  least  for  the  present. 

3.  Temperatwre  of  the  Interior  of  the  Earth. — ^Tha 
question  of  the  tempera,ture  of  the  interior  of  the  earth 
has  excited  great  interest,  in  consequence  of  ita  bearing 
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on  other  brtinclies  of  knowledge.  The  Tarions  facta 
which  have  been  supposed  to  indicate  the  fluidity  of 
the  central  parts  of  the  terrestrial  globe,  belong,  in 
general,  to  geological  science ;  but  so  far  as  they  i-equire 
the  light  of  themiotical  calculations  in  order  to  bo 
rightly  reasoned  upon,  they  properly  come  under  our 
notice  here. 

The  principal  problem  of  thia  kind  which  has  been 
treated  of  ia  thia ; — If  in  the  globe  of  the  earth  there 
be  a  certain  original  heat,  resulting  from  ita  earlier 
condition,  and  independent  of  tLe  action  of  the  aun,  to 
what  results  ■will  this  give  riael  and  how  far  do  the 
observed  temperatures  of  points  below  the  surface  lead 
us  to  such  a  suppoBitiou  t  It  has,  for  instance,  been 
aaaerted,  that  in  many  parts  of  the  world  the  tempera- 
ture, as  observed  in  mines  and  other  excavations, 
,  increases  in  descending,  at  the  rate  of  one  degree 
{centesimal)  in  about  forty  yai'da.  What  inference 
does  thia  justify? 

The  answer  to  thia  question  was  given  by  Fourier 
and  by  Laplace.  The  former  mathematician  hud  already 
oou^dered  the  problem  of  the  cooling  of  a  large  sphere, 
in  his  Memoirs  of  1807,  1809, and  181 1,  These,  how- 
ever, lay  unpublished  in  the  archivea  of  the  Institute 
for  many  years.  But  in  i8ao,  when  the  accumulation 
of  observations  which  indicated  an  increase  of  the 
temperature  of  the  earth  as  we  descend,  had  drawn 
observation  to  the  aubject,  Fourier  gave,  in  the  Btilletin 
of  the  Philomathio  Society ,^^  a  aummary  of  his  results, 
as  fer  aa  they  bore  on  this  point.  His  conclusion  was, 
that  such  an  increase  of  temperature  in  proceeding 
towards  the  center  of  the  earth,  can  arise  from  nothing 
but  the  remains  of  a  primitive  heat; — that  the  heat 
which  the  Bun's  action  would  communicate,  would,  in 
its  final  and  permanent  state,  bo  uniform  in  the  same 
yertical  line,  as  soon  as  we  get  beyond  the  influence  of 
the  superdcial  oacillations  of  which  we  have  spoken; 
— and  that,  before  the  distribution  of  temperature 
reaches  this  limit,  it  will  decrease,  not  i 

"  SaSel.  da  Sc.  iSao,  p,  SB. 
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doacending.  It  appeared  also,  by  the  calculation,  tint 
this  remaining  existence  of  the  primitive  heat  is  thg 
interior  parta  of  the  earth's  mass,  was  qviite  conaiatent 
with  the  absence  of  all  peroeptihle  traceH  of  it  at  the 
Bur&ce;  and  that  the  same  state  of  things  wliich 
prodncea  an  increase  of  one  degree  of  heat  in  descend- 
ing forty  yards,  does  not  make  the  surface  a  quarter  of 
a  degree  hotter  than  it  would  otherwise  be.  Fourier 
was  led  also  to  Bome  conclusiotis,  though  neoessarily 
very  vague  ones,  respecting  the  time  which  the  earth 
must  have  taken  to  cool  from  a  supposed  original  state 
of  incandescence  to  its  present  condition,  which  time  it 
appeared  must  have  been  very  great ;  and  res[)eeting 
the  extent  of  the  future  cooling  of  the  surface,  which 
it  was  shown  must  be  insensible.  Eveiything  tended 
to  prove  that,  within  the  period  which  the  history  of 
the  human  race  embraces,  no  discoverable  change  ot 
temperature  had  taken  place  from  the  progress  of  this 
central  cooling.  Ia,place  further  calculated  the  effect'* 
which  any  contraction  of  the  globe  of  the  earth  by 
cooling  would  produce  on  the  length  of  the  day.  He 
had  already  shown,  by  astronomical  reasoning,  Uiat  the 
day  had  not  become  shorter  by  i-2ooth  of  a  second, 
since  the  time  of  Hipparchus;  and  thus  his  iuferencca 
agreed  with  those  of  Fourier.  As  far  as  regards  the 
smalhiess  of  the  perceptible  effect  due  to  the  past 
changes  of  the  earth's  temperature,  there  can  be  no 
doubt  that  all  the  curious  conclusions  just  stated  are 
deduced  in  a  manner  quite  satisfactory,  from  the  fact 
of  a  general  increase  of  heat  in  descending  below  the 
surface  of  the  earth ;  and  thus  our  principles  of  specu- 
lative science  have  a  bearing  upon  the  history  of  the 
past  changes  of  the  universe,  and  give  ns  infoi-mation 
concerning  the  state  of  things  in  portions  of  time  other- 
wise quite  out  of  our  reach. 

4.  Meat  of  the  Planetary  Spaces. — In  the  same  manner, 
this  portion  of  science  is  appealed  to  for  information 
oonceming  parts  of  space  which  are  utterly  inaccessible 
to  observation.     The  doctrine  of  heat  lead 
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sioDS  concerning  the  tempei-atiirea  of  the  spaces  wliich 
stUTonnd  the  earth,  and  in  which  the  planets  of  the 
solar  syatem  revolve.  In  his  Memoir,  published  in 
1827,''  Fourier  states  that  he  conceives  it  to  follow 
from  his  principles,  that  these  planetary  spaces  are  not 
absolutely  cold,  but  have  a  'proper  heat'  independent 
of  the  Ban  and  of  the  planets.  If  there  were  not  such 
a  heat,  the  cold  of  the  polar  regions  would  be  much 
more  intense  than  it  is,  and  the  altemntiona  of  cold 
and  warmth,  arising  from  the  influence  of  the  sun, 
would  be  fiir  more  extreme  and  sudden  than  we  find 
them.  As  the  cause  of  this  heat  in  the  planetary 
spaces,  he  assigns  the  radiation  of  the  innumerable 
stars  which  are  scattered  throtigh  the  universe. 

Fourier  says,'^  '  We  conclude  from  these  vai-ioua 
remiarks,  and  principaUy  from  the  mathematical  exa- 
minatioa  of  the  question,'  that  this  is  so.  I  am  not 
aware  that  the  mathematical  calculation  which  bears 
peculiarly  upon  this  point  has  anywhere  been  pub- 
lished. But  it  is  worth  notice,  that  Svanberg  has  been 
led^*  to  the  opinion  of  the  same  temperature  in  these 
spaces  which  Fourier  iiad  adopted  (50  centigrade  below 
zero),  by  an  entirely  different  course  of  reasoning, 
founded  on  the  relation  of  the  atmosphere  to  heat. 

In  speaking  of  this  subject,  I  have  been  led  to 
notice  incomplete  and  perhaps  doubtful  applications  of 
the  mathematical  doctrine  of  conduction  and  radia- 
tion. But  these  may  at  least  serve  to  show  that  Ther- 
motics  is  a  science,  which,  like  Mechautcs,  is  to  be 
eatablishod  by  experiments  on  masses  capable  of  mani- 
pulation, but  which,  like  that,  has  for  its  moat  im- 
portant olfice  the  solution  of  geological  and  cosmologioal 
problems.  I  now  return  to  the  further  progress  of 
our  thermotical  knowledge. 

Sect.  5. — Correction  o/A'emCon'g  Law  of  Cooling, 

In  apeaMng  of  the  establishment  of  Newton's  aasump- 
tion,  that  the  temperature  communicated  is  propor- 

I    17  3f/in.7iMl.toiii.vU.p,iBo.  wib.c.SSi, 
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tional  to  the  excess  of  tempemture,  we  stated  that 
it  was  approximately  verified,  and  afterwards  corrected,  ■ 
(chap,  i.,  sect,  i.)  Thia  correction  was  the  result  of  tb 
reaearchea  of  MM.  DnCong  and  Petit  in  iSrj,  and  tl 
researches  by  which  they  were  led  to  the  true  law,* 
an  admirable  example  both  of  laborioua  experiment 
and  sagacious  inductiou.  They  experimented  througli 
a  very  great  range  of  temperature,  (as  high  as  two 
hundred  and  forty  degrees,  centigrade,)  which  t 
necessary  because  the  inaccuracy  of  Kewton's 
becomes  considerable  only  at  high  temperatui 
removed  the  effect  of  the  surrounding  medium,  1 
making  their  experiments  in  a,  vacuum.  They  selec 
■with  great  judgment  the  conditions  of  their  t 
ments  and  comparisons,  making  one  quantity  i 
while  the  others  remained  constant.  In  this  n 
they  found,  that  the  quic/mess  of  cooling /or  a  co 
excess  of  temperatitre,  increases  in  gemnetrical  prog 
sion,  tolien  t/ie  temperature  of  the  sv/rroundii)g  * 

inereiises  in  arilhmelicai  progresgitm ;  whereas,  a        

ing  to  the  Newtonian  Jaw,  this  quickness  would  not 
have  varied  at  alL  Again,  this  variation  being  left 
out  of  the  account,  it  appeared  that  lite  quickness  of 
cooling,  so  far  as  it  depends  on  the  excuse  of  tempera- 
ture of  the  hot  body,  increases  as  the  terms  of  a  geo 
tricat progression  diminislied  by  a  constant  number,  u 
t}te  temperature  of  the  /tot  body  inereaves  in  aritfunet^^ 
progression.  These  two  laws,  with  the  coefficien 
requisite  for  their  application  to  particular  substances, 
fully  determine  the  conditions  of  cooling  in  a  vacuum. 

Starting  from  this  determination,  MM.  Dulong  and 
Petit  proceeded  to  Hseertain  the  effect  of  the   mediui 
in  which  the  hot  body  is  placed,  upon  its  rate  of  o 
ing;  for  thia  effect   became  a  residual  phen 
when  the  cooling  ia  the  vacuum  was  taken  away. 
shall  not  here  follow  this  train  of  research ; 
may  briefly  state,  that  they  were  led  to  such  lav) 
as  this;— that    the  rapidity  of  cooling   due  to   i 
gaseous  medium  in  which  the  body  is  placed,  i 
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same,  so  long  aa  the  esceaa  of  the  body's  temperature 
is  the  same,  although  the  tomperature  itself  vary; — 
that  the  cooling  power  of  a  gas  varies  with  the 
elasticity,  according  to  a  determined  law ;  and  other 
similar  rules. 

In  reference  to  the  process  of  their  induction,  it  is 
■worthy  of  notice,  that  they  founded  their  reasonings 
upou  Prevost'a  law  of  exchanges;  and  that,  in  this 
way,  the  second  of  their  laws  above  stated,  respecting 
the  quickness  of  coaling,  was  a  mathematical  conse- 
quence of  the  first  It  may  be  observed  also,  that 
tiieir  temperatures  are  measured  by  means  of  the  air- 
thermometer,  and  that  if  they  were  estimated  on 
another  scale,  the  remarkable  simplicity  and  symmetry 
of  their  results  would  disappear.  This  is  a  strong 
aj-gument  for  believing  such  a  measure  of  temperature 
to  have  a  natural  prerogative  of  simplicity,  Thia 
belief  is  confirmed  by  other  consideratioua;  but  these, 
depending  on  the  laws  of  expansion  by  heat,  cannot 
be  here  referred  to ;  and  we  must  proceed  to  finish  our 
survey  of  the  mathematical  theory  of  heat,  as  founded 
on  the  phenomena  of  radiation  and  conduction,  which 
alone  have  as  yet  been  traced  up  to  genei'al  principles. 
We  may  observe,  before  we  quit  this  subject,  that 
this  correction  of  Hewton's  law  will  materially  affect 
the  mathematical  calculations  on  the  subject,  which 
were  made  to  depend  on  that  law  both  by  Fourier, 
Laplace,  and  Poiasou.  Probably,  however,  the  general 
features  of  the  results  will  be  the  same  an  on  the  old 
supposition.  JM,  Libri,  an  Italian  mathematician,  has 
undertaken  one  of  the  problems  of  this  kind,  that  of 
(iie  armil,  with  Dulong  and  Fetit's  law  for  his  basis, 

fftl  A  Memoir  read  to  the  Institute  of  France  in  1825, 

'■bd  since  published  at  Florenoe.^^ 


The  laws  of  radiation  as  depending  upon  the  surface 
[       of  radiating  bodies,  and  as  affecting  screens  o£  ■s 

■■'  J/ife.  de  MM.  el  de  Phga.  iBiS. 
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kinds  interposed  between  the  hot  body  and  the  ther- 
mometer, were  examined  by  seTeral  inquirers.  I  shall 
not  attempt  to  give  ati  account  of  the  latter  couwe  of 
research,  and  of  the  different  laws  which  luminous  and 
non-luminous  heat  have  been  found  to  follow  in  refe- 
rence to  bodies,  whether  transparent  or  opaque,  which 
intercept  them.  But  there  are  two  or  three  laws 
of  the  phenomena,  depending  upon  the  effects  of  the 
surfaces  of  bodies,  which  are  important. 

1.  In  the  first  place,  the  powers  of  bodies  to  emit 
and  to  ohgorb  heat,  as  far  as  depends  upon  their  surface, 
appear  to  be  in  the  same  proportion.  If  we  bbieken 
the  surihce  of  a  canister  of  hot  water,  it  radiates  hi 
more  copiously;  and  in  the  same  measure,  it 
readily  heated  by  radiation. 

2.  In  the  next  place,  as  the  radiative  power 
creases,  the  power  of  reflection  diminishes,  and  the" 
contrary.  A  bright  metal  vessel  reflects  much  heat; 
on  this  very  account  it  does  not  emit  much ,-  and  hence 
a  hot  fluid  which  such  a  vessel  contains,  remains  hot 
longer  than  it  does  in  an  unpolished  case. 

3.  The  heat  is  emitted  from  every  point  of  the 
feoe  of  a  hot  body  in  all  directions;  but  by 
in  all  directions  with  equal  intensity.     The 
of  the  heating  ray  is  bls  the  sine  of  the  angle  whictii 
makes  with  the  surface. 

The  last  law  is  entirely,  the  two  fonner 
measure,  due  to  the  i-esearches  of  Leslie,  whose  Sxjten? 
mental  Inquiry  into  the  Natv/re  and  Propagation  of 
B&U,  published  in  1804,  contains  a  great  number  of 
curious  and  striking  results  and  speculations,  The 
laws  now  just  stated  bear,  in  a  very  important  manner, 
upon  the  formation  of  the  theory ;  and  we  must  now 
proceed  to  consider  what  appears  to  have  been  done 
in  this  respect;  taking  into  account,  it  must  still 
bjme  in  mind,  only  the  phenomena  of  conduction 
radiation. 
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Sect.  •j.—Fmirier's  Theory  of  Radiant  Ileai. 

Ths  above  laws  of  phenomeaa  bemg  established,  it 
was  natural  that  philosophers  should  seek  to  acquire 
some  conception  of  the  phyaicaJ  action  by  which  they 
might  account,  both  for  these  l&ws,  and  for  the  general 
fimdameutal  facts  of  Thertaotics;  as,  for  instance,  the 
fact  that  all  bodies  placed  in  an  inclosed  space  assume, 
in  time,  the  temperature  of  the  inclosure.  Fourier's 
explanation  of  this  class  of  phenomena  must  be  con- 
sidered as  happy  and  succoasful ;  for  he  has  shown  that 
the  supposition  to  which  we  are  led  by  the  most  simple 
and  general  of  the  facts,  will  explain,  moreover,  the 
leas  obvious  laws.  It  is  an  obvious  and  general  feet, 
that  bodies  which  are  included  in  the  space  tend  to 
acquire  the  same  temperature.  And  this  identity  of 
temperature  of  neighbouring  Ifodies  requires  an  hypo- 
thesis, which,  it  is  found,  also  accounts  for  Leslie's  law 
of  the  sine,  in  radiation. 

This  hypothesis  is,  that  the  radiation  takes  place, 
not  &om.  the  suriace  alone  of  the  hot  body,  but  from 
all  particles  situated  within  a  certain  small  depth  of 
the  surface.  It  is  easy  to  see^  that,  on  this  supposition, 
a  ray  emitted  obliquely  from  an  internal  particle,  will 
be  less  intense  than  one  sent  forth  perpendicular  to  the 
snrfece,  because  the  former  will  be  intercepted  in  a 
greater  degree,  having  a  greater  length  of  ]iath  within 
the  body ;  and  Fourier  shows,  that  whatever  be  the  law 
of  this  intercepting  power,  liiQ  result  will  be,  that  the 
radiative  intensity  is  as  the  sine  of  the  angle  made  by 
the  ray  with  the  surface. 

But  this  law  is,  as  I  have  said,  likewise  necessary, 
in  order  that  neighbouring  bodies  may  tend  to  assume 
the  same  tempei'ature :  for  instance,  in  order  that  a 
small  particle  placed  within  a  spherical  shell,  should 
finally  assume  the  temperature  of  the  shell.  If  the  law 
of  the  sines  did  not  obtain,  the  final  temperature  of 
such  a  particle  would  depend  upon  its  place  in  the 
inclosure  :^  and  within  a  shell  of  ice  we  should  have, 
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at  certain  pointa,  tlie  temperature  of  boiling  water  aol 
of  melting  iron. 

This  proposition  may  at  first  appear  strange  awl 
unlikely;  but  it  may  be  shown  to  be  a  neceaauy 
consequence  of  the  assumed  principle,  by  very  wmple 
reasoning,  which  I  shall  give  in  a  general  form  in  ~ 
Note.2« 

This  reasoning  is  capable  of  being  presented  in 
manner  quite  satisfactory,  by  the  use  of  mftthemiLtical 
symbols,  and  proves  that  Leslie's  law  of  the  sists  ii 
rigoi\)ualy  and  mathematically  true  on  Fouiier's  hypo- 
thesis. And  thus  Fourier's  theory  of  mohciilar  Mtra- 
radUuion  acquires  great  consistency. 

Sact.  8, — DUeovery  of  the  Polarization,  of  Beat,. 

The  laws  of  which  the  discovery  is  stated 

ceding  Sections  of  this  Chapter,  and  the  explanaUc 

given  of  them  by  tlie  theories  of  conduction  and 
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sbaw  the  oonnpxSon  of  tbc  law  of  tlonal  to   th?  sines  of  tlie  l<n> 

the  elnsi  in  radiant  best  witU  the  obllquHleii  that  is.  la  tfaal  of  th> 

general  priodplo  of  ultimateiden-  giring  a»  well  as  of  the  reodvlog 

lltfof  neigtibourlBgUmperatnien.  surfaee. 

The  equilibrlDBi  ana  tdeuUty  of  Nor  Is  thii  aonclniion  distnrbxi 

temperature  be(wi>en  an  inclnding  by  the  conilderation.  that  aU  the 

shell  and  an  Inoluded  bodf,  oon-  ra^B  of  heat  which  fail  opoa  a 

not  obtain  upon  the  wbole.except  sBiface   are  not   abuirbed,  HDie 

it  obtain   between   eaeb  pair  of  being  redeuted  according  to  IhC 

parta  of  the  two  HUTf^ces  of  the  nature  of  the  sorikce.     For,  br 

bod;  and  of  the  shell;  that  ia.uiy  the  otheraboTe-mentioned  liHiol 

part  of  the  one  surface,  in  lla  phenomena,  ve  know  that,  in  the 

excbangei  with  any  part  of  the  eamt  measure  In  which  the  nrftct 

other  surface,  must  give  and  re-  loses  the  power  of  admittine,  it 

eelve  the  sama  quanUty  of  heat,  loses  the  power  of  emitting,  belt; 


fhr  as  it  depends  on  the  recciring 

absorbing  their  own  mdialiOB,!" 

Borfacei  will,  by  geometry,  be  pro- 

mneh sa  they  lose  by  not  absorWag 

portional    to    the    aine    of    the 

the  Incident  heat;    so   that  lU 

oblitiuity  ot  that  surface:  and  M, 
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tion,  all  tended  to  make  the  conception  of  a  material 
heat,  or  caloric,  coraumnicated  by  an  aptnal  flow  and 
emission,  familiar  to  men's  minds ;  and,  till  lately,  bad 
led  the  greater  part  of  thermotical  philosophers  to 
entertain  such  a  view,  as  the  most  probable  opinion 
concerning  the  nature  of  heat-  But  some  stejs  have 
recently  been  made  in  thermoti'Ca,  which  appear  to  be 
likely  to  OTertum  this  belief,  and  to  make  the  doctrine 
of  emission  as  untenable  with  regard  to  heat,  as  it  had 
before  been  found  to  be  with  regard  to  light.  I  speak 
of  the  discovery  of  the  polariza.tion  of  heat.  It  being 
ascertained  that  rays  of  heat  are  polarized  in  the  same 
manner  as  rays  of  light,  we  cannot  retain  the  doctrine 
that  heat  radiates  by  the  emanation  of  material  particles, 
without  supposing  those  particles  of  caloric  to  have 
poles;  an  hypothesis  which  probably  no  one  would 
eMibrace ;  for,  besides  that  the  ill  fortune  which  attended 
that  hypothesis  in  the  case  of  light  must  deter  specu- 
lators irom  it,  the  intimate  connexion  of  heat  and 
light  would  hardly  allow  us  to  suppose  polarization  in 
the  two  cases  to  be  produced  by  two  different  kinds  of 
machinery. 

But,  without  here  tracing  further  the  influence  which 
the  polarization  of  heat  must  exercise  upon  the  forma- 
tion of  our  theories  of  heat,  ^re  must  briefly  notice 
this  important  discoyery,  as  a  law  of  phenomena. 

The  analogies  and  connexions  between  light  and  heat 
are  so  strong,  that  when  the  polarization  of  light  had 
been  discovered,  men  were  naturally  led  to  endeavour 
to  ascertain  whether  heat  possessed  any  corresponding 
property.  But  partly  firom  the  difficulty  of  obtaining 
any  considerable  effect  of  heat  separated  from  light, 
and  partly  ftora  the  want  of  a  thermometrical  appa- 
ratus sufficiently  delicate,  these  attempts  led,  for  some 
tim^  to  no  decisive  result.  M.  Berard  took  up  the 
subject  in  1813.  He  used  Malus's  apparatus,  and  con- 
ceived that  he  found  heat  to  be  polarized  by  reflec- 
tion at  the  surface  of  glass,  in  the  same  manner  as 
light,  and  with  the  same  circumstances. -^     But  when 
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Professor  Powell,  of  Oxford,  a  few  yenrs  later  (1830), 
repeated  these  experiments  with  &  similar  apparttiUv 
he  fouad-^  that  though  the  heat  vfaich  is  oonwyed 
along  with  light  is,  of  coiirae,  polarizable,  'aimiJe 
radiant  heat,' as  he  terms  it,  did  not  offer  the  bumIIM 
differenoe  in  the  two  rectangular  azimuths  of  the  second 
glass,  and  thus  showed  no  trace  of  polarization. 

Thus,  with  the  old  thermometers,  the  point  remained 
doubtfiil.  But  soon  after  this  time,  MM.  Metloui  imd 
Kobili  invented  an  apparatus,  depending  on  cerHua 
galvanic  laws,  of  which  we  shall  have  to  speak  here- 
after, which  they  called  a  thermomvltiplwr;  and  which 
was  much  more  sensitive  to  changes  of  temperatnre 
than  any  previoualy-known  instrument.  Yet  even 
with  this  instrument,  M.  Melloni  foiled;  and  did  not, 
at  first,  detect  any  perceptible  polarization  of  heat  hj 
the  tourmaline;^  nor  did  M.  Nobili,^  in  repeating 
M.  Berard's  experiment.  But  in  this  experiment  the 
attempt  was  made  to  polarize  heat  by  reflection  from 
glass,  as  light  is  polarized :  and  the  quantity  reflected 
is  so  small  that  the  inevitable  errouts  might  completely 
disgidae  the  whole  difference  in  the  two  opposite  posi- 
tions. When  Prof.  Forbes,  of  Edinburgh,  (in  1834,) 
employed  mica  in  the  like  experiraente,  he  found  a  very 
decided  polarizing  effect;  first,  when  the  heat  was 
transmitted  through  Heveral  films  of  mica  at  a  certain 
angle,  and  afterwards,  when  it  was  reflected  from  them. 
In  this  case,  he  found  that  with  non-luminous  heat, 
and  even  with  the  heat  of  water  below  the  boiling 
point,  the  difference  of  the  heating  power  in  the  two 
positions  of  opposite  polarity  (parallel  and  crossed)  wu 
manifest.  He  also  detected  by  careful  experinient^" 
the  polariring  effect  of  tourmaline.  This  important 
discovery  was  soon  confirmed  by  M.  Melloni  Donlits 
were  suggested  whether  the  different  effect  in  tiifi 
opposite  positions  might  not  he  due  to  other  oironm- 
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stances;  but  Professor  Forbes  easily  allowed  that  these 
suppositions  were  inadmisaible ;  and  the  property  of  a. 
ditfereBce  of  aides,  which  tit  hj'st  neeined  so  strange 
when  ascribed  to  the  rays  of  light,  also  belongs,  it 
seems  to  be  proved,  to  the  rays  of  heat.  Professor 
Eorbes  also  found,  by  interposing  a  plate  of  mica  to 
intercept  the  ray  of  heat  in  an  intermediate  point, 
an  effect  was  produced  in  certain  positions  of  the  mica 
aiffllogous  to  what  was  called  depolarizatkin  in  the 
case  of  light;  namely,  a  partial  destruction  of  the 
differences  which  jiolaiization  establishes. 

Before  this  discovery,  M.  Mellont  tiad  already 
proved  by  experiment  that  heat  is  refraated  by  trans- 
parent substances  as  light  is.  In  the  case  of  light, 
the  depolarizing  efl'ect  was  afterwards  found  to  be 
really,  as  we  have  seen,  a  dipola/rvdng  effect,  the  ray 
being  divided  into  two  raya  by  double  refrttciion.  We 
are  naturally  much  tempted  to  put  the  some  intei^ 
pretation  upon  the  depolarimi^  effect  in  the  case  of 
heat;  but  perhaps  the  assertion  of  the  analogy  between 
light  and  heat  to  this  extent  is  as  yet  insecure. 

It  is  the  more  necessary  to  he  oantious  in  our 
attempt  to  identift'  the  laws  of  light  and  heat,  inas- 
mnch  as  along  with  all  the  resemblances  of  the  two 
agents,  there  are  very  important  diSerenoes.  The 
power  of  transmitting  light,  tlte  diaphafieiti/  of  bodies, 
is  very  distinct  from  their  power  of  transmitting  heat, 
which  has  been  caUed  diaiherToanoj/  by  M.  MeilonL 
Thus  both  a  plate  of  alum  and  a  plate  of  rock-salt 
transmit  nearly  the  whole  light;  but  while  the  first 
etopa  nearly  the  whole  heat,  the  second  stops  very 
littJe  of  it;  and  a  plate  of  opake  quartz,  nearly 
impenetratde  by  light,  allows  a  large  portion  of  the 
heat  to  pass.  By  passing  the  rays  through  varioos 
media,  the  heat  may  be,  as  it  were,  gifted  from  the 
light  which  accompanies  it. 

[and  Ed.]  [The  diathermancy  of  bodies  is  distinct 
from  their  diaphaneity,  in  so  far  that  the  same  bodies 
do  not  exercise  the  same  powers  of  selection  and  sup- 
pression of  certain  rays  on  heat  and  on  \i^t-,  \)^A"A 
appears  to  be  proved  by  the  Inveatigatiotis  «i  ■m.oiW't^ 
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thcrmotical  phUosopheta  (MM.  De  la  Koche,  Poffell, 
Melloni,  and  Forbes),  that  tbei'e  is  a  close  analogj 
■between  the  absorption  of  certain  cotours  by  trans- 
parent bodies,  and  the  absorption  of  certcua  kinds  ot 
heat  hy  diathermanoua  bodies.  Dark  sonroeB  of  h«at 
emit  rays  which  are  analogous  to  blue  and  violet  rajs 
of  light ;  and  highly  luminous  sources  emit  rays  which 
are  analogoUH  to  red  rays.  And  by  measuring  the  angle 
of  total  reflection  for  heat  of  different  kinds,  it  hu 
been  shown  that  the  former  kind  of  colorific  rays 
really  less  refrangible  than  the  latter.^ 

M.  Melloni  b&s  assumed  this  analogy  as  so 
pletely  established,  that  be  has  proposed  for  this  pari 
of  thermotics  the  name  Thermochroology  (Qu.  C/irmno- 
titervholica  I) ;  and  along  with  this  term,  many  otiiere 
derived  from  the  Greek,  and  founded 
analogy.     If  it  should  appear,  in  the  work  vphich 
proposes  to  publish  on  this  subject,  that  the  di 
which  he  has  to  state  cannot  easily  be  made 
gible  without  the  use  of  the  terms  whioh  he  b 
his  nomenclature  will  obtain  currency;  but  so 
mass  of  etymological  iimoFations  is  in  general  to 
avoided  in  scientific  works. 

M.  Melloni'a  discoveiy  of  the  extraordinary  powW 
of  rock-mlC  to  transmit  heat,  and  Professor  Forbes's 
discovery  of  the  extraordinary  power  of  mica  to 
polarize  and  depolarize  heat,  have  supplied  thermoljaii 
inquirers  with  two  new  and  most  valuable  instrn- 
menta.*^] 

Moreover,  besides  the  laws  of  conduction  and  radia- 
tion, many  other  laws  of  the  phenomena  of  heat  have 
been  discovered  by  philosophers;  and  these  must  he 
taken  into  account  in  judging  any  theory  of  heat.  Tu 
these  other  iawa  we  must  now  turn  our  attention. 

3"    Bee    Prof.    Fotbei'a     TJiInt  ticad    liere,   tee  two  Repom  bt 

Series  i>flleiearclica  oil  Seal,  £diab.  Prof.  Powell  on  the  present  tt>U 

RS.  Tnoii.  vol.  xIt.  of  obt  knowloage  re«pe«tlng  B»* 

'I  For    (D    Bccounl    of   many  ant  HoBt,  In  tho  /hporU  i^* 

thennqtlcal  reeemroliea,  which.  I  Jlntisl^  Astocialkm  Da    i8»  "J 

have  bfiCQ  obllfced  Wt  !!»*»  "Jmiii-  \%^, 


CHAPTER  II. 

The  Laws  of  Changeb  occasionei 


Sect.   I. — Ea^aneion   by  Heat. — Tin  Law  of  Dallon 
and  Gay-Lusioc/or  Gates. 

ALMOST  all  boiiiea  expand  by  heat;  solids,  as 
metala,  in  a  amaU  degree :  fluids,  as  water,  oil, 
alcohol,  raerouiy,  in  it  greater  degree.  This  was  one 
of  the  tacts  first  examined  by  those  wLu  studied  the 
nature  of  heat,  because  this  property  was  used  for  the 
measure  of  heat.  In  the  Philosophy  of  tli£  Inductive 
Sciences,  Book  iv..  Chap,  iv.,  I  hate  stated  that 
secondary  qualities,  such  as  Heat,  must  be  measured 
by  their  effects :  and  in  Sect.  4  of  that  Chapter  I  have 
given  an  account  of  the  successive  attempts  which 
have  been  made  to  obtain  measures  of  heat.  1  have 
thei'e  also  spoken  of  the  results  which  were  obtained 
by  comparing  the  rate  at  which  the  expansion  of  difie- 
rent  substances  went  on,  under  the  same  degrees  of 
heat;  or  as  it  was  called,  the  different  thermmnetricai 
march  of  each  substance.  Mercury  appears  to  be  the 
liquid  "which  is  most  uniform  in  its  thermometrical 
march;  and  it  has  been  taken  as  the  most  common 
material  of  our  thermometers;  but  the  expansion  of 
jneroury  is  not  proportional  to  the  heat.  De  Luc  was 
led,  by  his  experiments,  to  conclude  '  that  the  dilata- 
tions of  mercury  follow  an  accelerated  march  for  equal 
augmentations  of  heat.'  Dalton  conjectured  that  water 
and  mercury  both  expand  as  the  square  of  the  real 
temperature  from  the  point  of  greatest  contraction ; 
the  real  temperature  being  measured  so  as  to  lead  to 
SQch  a  result.  But  noue  of  the  ntles  thus  laid  down 
for  the  expansion  of  solids  and  fluids  appear  to  have 
led,  aa  yet,  to  any  certain  general  laws. 

With  re^rard  to  gases,  therraotical  m<\mreT:a  \6.\fc 
been  more  sacceasfui.     Gases  expand  by  \iea.\ij  wii 
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their  espimsion  is  governed  by  a  law  which  applia 
alike  to  all  degrees  of  heat,  and  to  all  gaseous  fluidi  J 
The  law  is  this;  that _/or  equal  ineremenla  qftajuMm- 
(ure  they  expand  by  the  same  fraction  of  their  urn 
bidk;  which  fraction  is  t/iree-eigkths  in  proceeding 
from  freezing  to  boiling  water.  This  law  was  dis- 
covered by  Dalton  and  M.  Gay-Luaaao  independently 
of  each  other;'  and  is  usually  called  by  both  tleir 
names,  (/le  law  of  Dalton  and  Gay-Luaaao.  The  latter 
Bays,*  '  The  experimenta  which  I  have  described,  and 
which  have  been  made  vrith  great  care,  prove  ineon- 
toatably  that  oxygen,  hydrogen,  azotic  aoid,  nitRina  acid 
ammoniacal  acid,  muriatic  acid,  aulphurous  acid,  mr- 
bonic  acid,  gases,  expand  equally  by  equal  inoreTuenfa  of 
heat,'  'Therefore,' he  adds  with  a  proper  inductive 
generalization,  '  the  result  does  not  depend  upon  phy* 
sioal  properties,  and  1  collect  that  all  ^aaea  expand 
equally  by  heal.'  He  then  extends  this  to  vapoura, 
as  ether.  This  must  be  one  of  the  most  important 
foundation-stones  of  any  sound  theory  of  heat. 

[and  Ed.]  [Yet  MM.  Magnus  and  Regnault  conceive 
that  they  have  overthrown  this  law  of  Dalton  and 
Gay-LussEic,  and  shown  that  the  different  gases  do  not 
expand  alike  for  the  same  increment  of  heat.  Magnus 
found  the  ratio  to  ba  for  atmospheric  air,  i'366;  for 
hydrogen,  i'365;  for  carbonic  acid,  i-^S^;  for  aid- 
phurous-aeid  gas,  1-385.  But  these  differences  are 
not  greater  than  the  differences  obtained  for  the  same 
substance  by  different  observers ;  and  as  this  law  ia 
referred  to  in  Lapia<;e's  hypothesis,  hereafter  to  he 
discussed,  I  do  not  treat  the  law  as  disproved, 

Tet  that  the  rate  of  expansion  of  gas  in  certain  oi^ 
cnmatancea  ia  different  for  different  substances,  must  b« 
deemed  very  probable,  after  Dr,  Faraday's  recent  inves- 
tigations On  the  Liqvefaction  and  Solidifcation  of  Bedim 
generally  exitting  an  Gases?  by  which  it  appeara  that 
the  elasticity  of  vapoura  in  eorUact  with  their  fluids  in- 
creases at  different  rates  in  different  substances,     'Thst 
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the  foro^'  he  saya,  'of  vapourincreasesin  ageometrical 
ratio  for  equal  increments  of  hent  is  true  for  all  liodiea, 
but  the  ratio  is  not  the  same  for  all.  .  .  .  For  an  in- 
crease of  pressure  from  two  to  six  atmospheres,  the 
following  number  of  degrees  require  to  be  added  to 
the  bodies  named : — water  69°,  sulphureons  acid  63°, 
cyanogen  64°'5,  ammonia  60°,  araeniu retted  hydrogen 
54°,  Bulphwretted  hydrogen  56''-5,  muriatic  acid  43°, 
carbonic  acid  32°-5,  nitrous  oxi(3e  30°.'] 

We  have  already  seen  that  the  opinion  that  the 
air-thermometer  is  a  true  measure  of  heat,  is  strongly 
countenanced  by  the  symmetry  ■which,  by  using  it,  we 
introduce  into  the  laws  of  radiation.  If  we  accept 
the  law  of  Dalton  and  Oray-Lussac,  it  follows  that 
this  result  is  independent  of  any  peculiar  properties 
in  the  air  employed;  and  tLus  this  measure  has 
an  additional  character  of  generality  and  simplicity 
which  make  it  still  more  probable  that  it  is  the 
true  standard.  This  opinion  is  further  snpported  by 
the  attempts  to  include  such  facts  in  a  theory;  but 
before  we  can  treat  of  such  theories,  we  must  8p«ik  of 
some  other  doctrines  which  hare  been  introduced. 

Sect.  1. — Specific  Beat.— Change  of  Consistence. 

Is  the  attempts  to  obtain  measures  of  heat,  it  was 
found  that  bodies  had  difiei-ent  capacities  for  heat; 
for  the  same  quantity  of  heat,  however  measured, 
would  raise,  in  different  degrees,  the  temperature  of 
different  substances.  The  notion  of  different  capa- 
cities for  heat  was  thus  introduced,  and  each  body  was 
thus  assumed  to  have  a  specific  capacity  for  heal, 
according  to  the  quantity  of  heat  which  it  required 
to  laiae  it  through  a  given  scale  of  heat.*  The  term 
'  capacity  for  heat'  was  introduced  by  Dr.  Irvine,  a 
pupil  of  Dr.  Black.  For  this  term,  Wilcke,  the  Swedish 
physicist,  substituted  '  specific  heat ;'  in  analogy  with 

scifio  gravity.' 

t  -was  found,  also,  that  the  capacity  of  the  same 
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substance  was  difTerent  iu  the  same  substance  at  dif^H 
rent  temperatures.  It  appears  from  experiments  ^H 
MM.  Diilong  and  Petit,  that,  in  general,  the  capaci^H 
of  liquids  and  solids  increases  as  we  ascend  ia  the  sod^f 
of  temperature.  ]H 

But  one  of  the  most  important  thermotio  &cts  j^| 
that  by  the  andden  contraction  of  any  mass,  its  temp^| 
rature  is  increased.  This  is  peculiarly  ohserrable  ^H 
gases,  as,  for  example,  common  air.  The  amount  aH 
the  increase  of  temperature  by  sudden  condensation,'^! 
of  the  cold  produced  by  sudden  rarefaction,  is  an  iq^| 
portant  datum,  determining  the  velocity  of  sound,  ^H 
we  have  already  seen,  and  affecting  many  paints  ^H 
meteorology.  The  ooefficient  which  enters  the  calcsS 
lation  in  the  former  case  depends  on  the  ratio  of  tv^f 
specific  heats  of  air  under  different  conditions;  <^^| 
belonging  to  it  when,  varying  in  density,  the  pressure^H 
constant  by  which  the  air  is  contained }  the  other,  whstH 
varying  in  density,  it  is  contained  in  a  constant  spad^f 

A  leading  fact,  also,  with  regard  to  the  operation  flH 
heat  on  bodies  is,  that  it  changes  their  form,  as  it  ^H 
often  called,  that  is,  their  condition  as  solid,  liquid,  t^t 
air.     Since  the  term  'form'  is  employed  In  too  mai^H 
and  various  senses  to  be  immediat^y  understood  when 
it  is  intended  to  convey  this  peculiar  meaning,  I  shall 
use,  instead  of  it,  the  term  consistence,  and  e&Jl  hope 
to  be  excused,  even  when  I  apply  this  word  to  g 
though  I  must  acknowledge  such  phraseology  to  t 
unusual.     Thus  there  is  a  change  of  consistence  wb^ 
solids  become  liquid,  or  liquids  gaseous;  and  the  It 
of  such  changes  must  be  fundamental  facts  of  our  t' 
motical  theories.     We  are  still  in  the  dark  as  to  n 
of  the  laws  which  belong  to  this  change;  but  one  a 
them,  of  great  importance,  has  been  discovered,  and  I 
that  we  must  now  proceed. 

Seci.  3. — The  BoctrtTte  of  Latent  Etat. 

The  Doctrine  of  Latent  Heat  refers  to  such  changos  a 
consistence  as  "we  W'^e  iiat  spoken  of.     It  is  to  IJ 
eliect;    that   Autm^  \,\i«  co-OTti^att.  til  w^ljjla  i 
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liquids,  or  of  liquida  into  vapours,  there  is  cnmmuDi- 
Gated  to  the  body  heat  which  is  not  indicated  by  the 
thermometer.  The  heat  is  absorbed,  or  becotaee  latent  ; 
and,  on  the  other  hand,  on  the  condensation  of  the 
vapour  to  a  liquid,  or  the  liquid  to  a  solid  consistency, 
this  heat  is  again  given  out  and  becomes  seit^lde. 
Thus  a  pound  of  ice  requires  twenty  times  as  long  a 
time,  in  a  warm  room,  to  raise  its  temperature  sevea 
decrees,  aa  a  pound  of  ice-cold  water  does.  A  kettle 
placed  on  a  tire,  is  four  minutes  had  its  temperature 
raised  to  the  boiling  point,  212°  :  and  this  temperature 
continued  stationary  for  twenty  minutes,  when  the 
whole  was  boiled  away.  Dr.  Bhick  iuferred  froia 
these  facts  that  a  large  quantity  of  beat  in  absorbed  by 
the  ice  in  becoming  water,  and  by  the  water  in  be- 
coming steam.  Ho  reckoned  &om  the  above  esperi~ 
ments,  that  ice,  in  melting,  abitorba  as  much  heat  as 
would  raise  ice-cold  water  through  140°  of  tempe- 
rature: and  that  water,  in  evaporating,  absorbs  aa 
much  heat  as  would  raise  it  through  940". 

That  snow  requires  a  great  quantity  of  heat  to 
melt  it;  that  wat«r  requires  a  great  quantity  of  heat 
to  convert  it  into  steam;  and  that  this  heat  is  not 
indicated  by  a  rise  in  the  thermometer,  are  &cts  which 
it  is  sot  difficult  to  observe;  but  to  separate  these 
from  all  extraneous  conditions,  to  group  the  cases 
together,  and  to  seize  upon  the  general  law  by  which 
they  are  connected,  was  an  effort  of  inductive  insight, 
which  has  been  considered,  and  deservedly,  aa  one  of 
the  moat  striking  events  in  the  modem  history  of 
physics.  Of  this  step  the  principal  merit  appears 
to  belong  to  Black. 

[and  Ed,]  [In  the  first  edition  I  had  mentioned  the 
names  of  De  Luc  and  of  Wilcke,  in  connexion  with  the 
discovery  of  Latent  Heat,  along  with  the  name  of 
Black.  De  Luc  had  observed,  in  17551  *''^'-  ^'^^t  i" 
melting,  did  not  rise  above  the  freezing-point  of  teai« 
perature  till  the  whole  was  melted.  De  Luc  has  been 
charged  with  plagiarizing  Black's  discovery,  but,  I 
think,  without  any  just  groimd.  In  hia  Idees  sur  la 
MfiSarologique,  (i^Sj,)  he  spoke  of  Dr.  "BWiV  aa  '  "Caa 
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first  who  had  attempted  the  determinations  of 
quantities  of  latent  heat.'      And  when    Mr.  '' 
pointed  oat  to  him  that  from  this  expression  it  mign 
be  anpponed  that  Black  had  not  diacovered  the  facT 
itself,  he  acquiesced,  and  redressed  the  equivocal  e 
presaion  in  an  Appendix  to  the  Tolunie.' 

Black  never  puhlished  his  own  account  of  the  doe 
trine  of  Latent  Heat ;  but  he  delivered  it  every  jea 
after  1760  in  his  Lectures.  In  1770,  a  aurreptitioi 
publication  of  his  Lectures  waa  made  by  a  Londc 
bookseller,  and  this  gave  a  view  of  the  leading  poin 
of  Dr.  Black's  doctrine.  In  1772,  Wilcke,  of  Stod. 
holm,  read  a  paper  to  the  Hoyal  Society  of  that  city,  i 
which  the  absorption  of  beat  by  melting  ice  is  i' 
scribed:  and  in  the  same  year,  De  Luc,  of  Genet 
published  his  Reckerches  sur  let  ModijieaUons  lie  I'M 
Tiiosphere,  which  has  been  alleged  to  contain  tu, 
doctrine  of  latent  heat,  and  which  the  autbor  asserts  t| 
have  been  written  in  ignorance  of  what  Black  1 
done.  At  a  hiter  period,  De  Luc,  adopting,  in 
Black's  expression,  gave  the  name  of  lutent  fire  \ 
heat  absorbed.^ 

It  appears  that  Cavendish  determined  the  a] 
of  heat  produced  by  condensing  steam,  and  by  thawi 
snow,  aa  eariy  as  1765.  He  had  perhaps  already  hea 
something  of  Black's  investigations,  but  did  not  fu 
his  term  '  latent  beat.'  ^ 

The  consequences  of  Black's  principle  are  very  ir 
portant,  for  upon  it  is  founded  tbe  whole  doctrine  of 
evaporation ;  besides  which,  the  principle  of  latent  beat 
has  other  applications.     But  the  relations  of  aqueous 
vapom-  to  air  are  so  important,  and  have  been  so  Ion  ^ 
a  subject  of  Bpeculation,  that  we  may  with  advantaj 
dwell  a  little  upon  them.    The  part  of  science  in  whS 
this  is  done  may  he  called,  as  we  have  said,  Atmolog 
and    to  that   division  of    Tbennotica  the   folloi " 
chapters  belong. 

'  See  hia  LUttr  to  tha  Edilora        1  Bee  Mr.  V.  HarMurfs^iiMl^ 
e  Edinburgh  Jieview,  No.  zii.    to  the  Brit.  Asso^,  la 
p.  5oi,  otttie  Ret!i™i.  ^bn  Agnetulij. 
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CHAPTER  IIL 
'  The  Eelation  of  Vapouh  and  Aib. 


Sect.  i.~T}w  Boylean  Law  oftU  Air's  Ela^iticitt/. 

IS  the  Sistb  Eoofe  (Chap.  iv.  Sect,  i)  we  have  already- 
Been  how  the  conception  on  the  laws  of  fluid  equi- 
librium were,  by  PascftI  and  others,  extended  to  air,  as 
well  as  water.  But  though  air  presses  and  is  pressed 
M  irater  presses  and  is  pressed,  pressure  produces  upon 
air  an  effect  which  it  does  not,  in  any  obvious  degree, 
prodnce  upon  water.  Air  which  is  pressed,  is  also  com- 
pregted,  or  made  to  occupy  a  smaller  space ;  and  ia  con- 
sequently also  made  more  dense,  or  condensed;  and  on 
the  other  hand,  when  the  pressure  upon  a  portion  of  air 
IB  diminished,  the  air  expands  or  is  rarefied.  These 
broad  facts  are  evident.  They  are  expreesod  in  a  geoeral 
way  by  saying  that  air  ia  an  daatic  fluid,  yielding  in  a 
certain  degree  to  pressure,  and  recovering  its  previous 
dimensions  when  the  pressure  is  removed. 

But  when  men  had  reached  this  point,  the  ques- 
tions obviously  offered  themselves,  in  what  degree  and 
according  to  what  law  air  yields  to  pressure;  when  it 
IS  compressed,  what  relation  does  the  density  bear  to 
the  pressure!  The  lase  which  had  been  made  of  tubes 
oonteining  columns  of  mercury,  by  which  the  pressure 
or  portions  of  air  was  varied  and  measured,  suggested 
ohviouB  modes  of  devising  experiments  by  which  this 
question  might  be  answered.  Such  experiments  accord- 
ingly were  made  by  Boyle  about  1650;  and  the  result 
at  which  he  arrived  was,  that  when  air  ia  thus  com- 
preaeed,  the  density  is  as  the  pressure.  Thus  if  the 
pressure  of  the  atmoaphere  in  ite  conmioa.  ft^Xft  \« 
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ei;|uivalent  to  30  inches  of  mercury,  as  shown  hy  tliB 
barometer;  if  air  included  in  a  tube  be  pressed  bj 
30  additional  inchea  of  mercury,  its  density  will  h 
doubled,  the  air  being  compreased  into  one  half  A 
Bpaoe.  If  the  pressure  be  increased  threefold,  tb 
density  ia  also  trebled ;  and  so  on.  The  same  law  wi 
HOon  afterwards  (in  1676)  proved  experimeatally  h 
Mariotte.  And  this  law  of  the  air's  elasticity,  thj 
the  density  is  as  the  preasure,  is  sometime^i  called  tti 
Sol/lean  Laic,  and  sometimes  the  Zaiv  of  Boi/le  ant 
Mariolte. 

Air  retaiaa  its  aerial  character  permanently;  bn, 
there  are  other  aerial  substances  which  appear  ba  sucii 
and  then  disappear  or  change  into  some  other  oaa 
dition.  Suoh  are  termed  vajxmra.  And  the  discove^ 
of  their  true  relation  to  air  was  the  result  of  a  loSj 
course  of  r^earches  an-d  apeculations. 

[and  Ed.]  [It  was  found  by  M.  Cagntard  da  ) 
Tour  (in  1323),  that  at  a  certain  temperature,  aliqoic 
under  sufficient  pressure,  becomes  clear  transparen 
vapour  or  gas,  having  the  same  bulk  as  the  liqai( 
This  condition  I>r.  Faraday  calia  the  Cagniard  de  I 
Tour  state,  (the  TQUrian  state  1)  It  was  also  diacoTer^ 
by  Dr.  Faraday  that  oarhonic-acid  gas,  and  1 
other  gases,  jFhicb  were  long  conceived  to  be  p 
nently  elastic,  are  rea-lly  reducible  to  a  liquid  c 
by  pressura'  And  in.  1835,  M.  Thilorier  found  t 
means  of  reducing  liq\iid  carbonic  acid  to  a  solid  fomi 
by  means  of  the  cold  produced  in  evaporation.  More 
recently  Dr.  Paraday  has  added  several  substaucea 
usually  gaseous  to  the  list  of  those  which  could  pra- 
viously  be  shown  in  the  liquid  state,  and  has  I'eduoei 
others,  including  ammonia,  nitrous  oxide,  and  1 
phuretted  hydrogen,  to  a  solid  conabtency.' 
these  discoveries,  we  may,  I  think,  reasonably  dou) 
whether  all  bodies  are  not  capable  of  existing  i 
three  consUleneies  of  solid,  liquid,  and  air. 

We  may  note  that  the  law  of  Soyle  and  Mariot 
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is  not  exactly  true  near  the  limit  at  which  the  air 
passes  to  the  liquid  state  in  such  cases  as  that  just 
spoken  o£  The  dimiaution  of  bulk  is  then  more  rapid 
tlwtn  the  increase  of  pressure. 

The  transition  of  fluids  from  a  liquid  to  an  airy  con- 
sistenoe  appears  to  be  accompanied  by  other  curious 
phenomeua.  See  Prof.  Forbes'fl  papers  on  the  Colour  of 
Steata  vinder  certain  inrcunutanceti,  and  on  the  Colours 
of  the  Atfnotphere,  in  the  £diii  Tra/ii».  vol,  xiv.] 

Sect  2. — Prelude  to  Bolton's  Doctrine  of  Evaporation. 

Visible  clouds,  smoke,  distillation,  gave  the  notion  of 
Vapour;  vapour  was  at  first  conceived  to  be  identical 
with  air,  as  by  Bacon.*  It  was  easily  collected,  that  by 
heat,  water  might  be  convei-ted  into  vapour.  It  was 
thought  that  air  was  thuB  produced,  in  the  instrument 
called  the  reolipHs,  in  which  a  powerful  blast  is  caused 
by  a  boUing  fluid;  hut  Wolf  showed  that  the  fluid  waa 
not  converted  into  air,  hy  using  camphorated  apirit  of 
wine,  and  condensing  the  vapour  after  it  had  been 
formed.  We  need  not  enumerate  the  doctrines  (if  very 
vague  hypotheses  may  be  so  termed,)  of  Descartes, 
Dechales,  Borelli*  The  latter  accounted  for  the  rising 
of  vapour  by  supposing  it  a  mixture  of  fire  and  water; 
and  thufl,  fire  being  much  lighter  than  air,  the  mixture 
also  was  light.  Boyle  endeavoured  to  show  that 
vapours  do  not  permanently  float  in  vacuo.  He  com- 
pared the  mixture  of  vapour  with  air  to  that  of  salt 
with  water.  He  found  that  the  pressure  of  the  atmo- 
ephere  affected  the  heat  of  boiling  water;  a  veiy  im- 
portant fact  Boyle  proved  this  by  means  of  the  air- 
pump;  and  he  and  his  friends  were  much  surprized  to 
find  that  when  air  waa  removed,  water  only  just  warm 
boiled  violently.  Huyghens  mentions  an  experiment 
of  the  same  kind  maile  by  Papin  about  1673. 

The  ascent  of  vapour  was  explained  in  various  ways 
in  sucoeaaion,  according  to  the  changes  which  physicid 
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Bcienee  underwent.  It  ■was  a  proUem  distinctly  treat©! 
of,  at  a  period  when  hydrostatics  had  accounted  fn 
nianj  phenomena;  and  attempts  were  naturally  msdil 
to  reduce  this  fact  to  kydroatatical  principles.  An  ob--] 
Tious  hypotheaia,  which  brought  it  under  the  domi" 
nion  of  these  principles,  was,  to  anppose  that  the  watwJ 
when  converted  into  vapour,  was  divided  into  8mi3i\ 
hollow  glohules; — thin  pellicles  including 
Halley  gave  such  an  explanation  of  evaporation;  Leib- 
nitiK  calculated  the  dimensions  of  the^e  little  bubhlet 
Derham  managed  (as  he  supposed)  to  examine  them 
with  a  magnifying  glaaa;  Wolf  also  examined  and 
calculated  on  the  same  subject.  It  is  curious  to  Bee 
80  much  confidence  in  so  lame  a  theory;  for  if  water 
became  hollow  globules  in  order  to  rise  as  vapour, 
we  require,  iu  ordei-  to  explain  the  formation  of 
these  globules,  new  laws  of  nature,  which  are  not 
even  hinted  at  by  the  supporters  of  the  doctrine, 
though  they  must  be  far  more  complex  than  the 
hydrostatic^  law  by  which  a  hollow  sphere  floats. 

Newton's  opinion  was  hardly  more  satisfactory;  he' 
explained  evaporation  by  the  repulaive  power  of  heat; 
the  parts  of  vapours,  according  to  him,  being  small,  are 
easily  affected  by  this  force,  and  thus  become  lighter 
than  the  atmosphere. 

Muschenbroek  still  adhered  to  the  theory  of  glo- 
bules, as  the  explanation  of  evaporation;  but  he 
manifestly  diaoontented  with  it ;  and  reasonably  upw 
prehended  that  the  prcsaure  of  the  air  would 
the  frail  texture  of  these  bubbles.  He  called  to 
aid  a  rotation  of  the  globules;  (which  Descartes 
had  assumed ;)  and,  not  satisfied  with  this,  thre' 
self  on  electrical  action  as  a  reserve.  Electricity, 
indeed,  was  now  in  favour,  as  hydrostatics  had  been 
before;  and  was  naturally  called  in,  in  all  cases  of 
difficulty.  Desagubers,  alao,  nsea  this  agent  to  account 
for  the  aacent  of  vapour,  introducing  it  into  a  kind  of 
sexual  system  of  ciouda;  according  to  him,  the  male 
fire  (heat)  does  a  part,  and  the  female  fire  (electricity). 
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perfornjB  the  rest.     These  are   speculations  of  small 
merit  aod  ao  value. 

In  the  mean  time,  Cher 
in  the  eatimation  of  philosi 
the  explanation  of  the  iinportant  facta  of  evaporation. 
Bouillet,  who,  in  1 742,  placed  the  particles  of  water  in 
the  intereticea  of  those  of  air,  may  be  considered  as 
approaching  to  the  chemical  theory.  In  1743,  the 
Academy  of  Sciences  of  Bourdeaux  proposed  the  aaoent 
of  vaponrs  an  the  subject  of  a  prize ;  which  waa 
adjudged  in  a  manner  very  impartial  aa  to  the  choice 
ofatheoryj  for  it  was  divided  between  Kratzeustein, 
who  advocated  the  bnhhles,  (the  coat  of  which  he 
determined  to  be  i-5o,oooth  of  an  inch  thick,)  and 
Hamberger,  who  maintained  the  truth  to  be  the  adhe- 
sion of  particles  of  water  to  those  of  air  and  fire.  The 
latter  doctrine  had  hecome  much  more  distinct  in  the 
author's  mind  when  seven  years  afterwards  (1750)  he 
published  his  Ulementa  J'hysiceg.  He  then  gave  the 
explanation  of  evaporation  in  a  phrase  which  has 
since  been  adopted, — the  golution  of  witter  in  air; 
which  he  conceived  to  be  of  the  same  kind  aa  other 
chemical  solutions. 

This  theory  of  solution  was  further  advocated  and 
developed  by  Lo  Roi;*  and  in  his  hands  assumed  a 
form  which  has  heeu  extensively  adopted  up  to  our 
times,  and  has,  in  many  instances,  tinged  the  language 
commonly  used.  He  conceired  that  air,  like  other 
solvents,  might  be  aaturated;  and  that  when  the  water 
waa  beyond  the  amount  required  for  saturation,  it 
appearal  in  a  visible  form  The  saturating  quantity 
waa  held  to  depend  mainly  on  warmth  and  wind. 

This  theory  was  hy  no  means  devoid  of  merit ; 
for  it  brought  together  many  pf  the  phenomena,  and 
explained  a  number  of  the  experiments  which  Le  Boi 
made.  It  explained  the  facts  of  the  transparency 
of  vapour,  (for  perfect  solutions  are  transparent,)  the 
precipitation  of  water  by  cooling,  the  disappearance 
of  the  visible    moisture  by  warming    it  again,  the 
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iiicreascd  evaporatioa  by  rain  and  wind;  and  otha  I 
observed  plienomena.  So  far,  therefore,  the  introdoc-  I 
tion  of  the  notion  of  the  chemical  Bolutiou  of  w&ter  I 
in  air  was  apparently  very  succeasful  But  ita  defects  I 
are  of  a  very  fatal  kind;  for  it  does  not  at  all  apply  to  I 
the  &ctB  which  take  place  vhen  air  is  excluded. 

In  Sweden,  in  the  mean  time,'  the  subject  had  been 
pursued  in  a  different,  and  in  a  more  correct  manner, 
Walleriua  Ericaen  had,  by  various  experiments,  esta- 
blished the  important  fact,  that  water  evaporates  in  & 
uocMMm,  His  experiments  are  clear  and  satbfactorj; 
and  he  inferred  from  them  the  felaity  of  the  common 
explfuiation  of  evaporation  by  the  solntion  of  water  in 
air.  TTia  concluaiona  are  drawn  in  a  very  intelligent 
raanner.  He  conaidera  the  questiou  whether  water 
can  be  changed  into  sir,  and  whether  the  atmosphere 
is,  in  consequence,  a  mere  collection  of  vapours;  and  i 
on  good  reasons,  decidea  in  the  negative,  and  conn  fl 
eludes  tlie  existence  of  permanently-elastic  air  different  fl 
from  vapour.  He  jndges,  also,  that  there  are  two 
causes  concerned,  one  acting  to  produce  the  first 
ascent  of  vapours,  the  other  to  support  them  after- 
wards. The  first,  which  acts  in  a  vacuum,  he  con- 
ceives to  be  the  mutual  repulsion  of  the  particlea; 
and  since  this  force  is  independent  of  the  presence  of 
other  Bubstancea,  this  seems  to  be  a  sound  induction. 
When  the  vapours  have  once  ascended  into  the  air,  it 
may  readily  be  granted  that  they  are  carried  higher, 
aod  driven  from  side  to  side  by  the  currents  of  the 
atmosphere.  Walleriua  conceives  that  the  vapour  will 
rise  till  it  gets  into  air  of  the  same  density  as  itself, 
and  being  llieu  in  equilibrium,  will  drift  to  and  fro. 

The  two  rival  theories  of  evapoititioii,  that  of 
ehemicai  solution  and  that  of  indepetident  vofMUT, 
were,  in  various  forma,  advocated  by  the  next  genera- 
tion of  philosophers.  Do  Saussure  may  be  oonaidered 
as  the  leader  on  one  side,  and  De  Luc  on  the  other. 
The  former  maintained  the  solution  theory,  with,  some 
modifications  of  his  own.     De  Luc  denied  all  Bolutii 
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and  held  vapour  to  be  a  combioation  of  tbe  particlea 
of  water  -with  fire,  by  which  they  became  lighter  than 
air.  According  to  him,  there  is  always  fire  eaoiigh 
present  to  produce  this  combiuation,  bo  that  evapora- 
tion goes  on  at  all  temperatures. 

Thia  mode  of  considering  independent  vapour  us 
a.  oombinatiou  of  fire  with  water,  led  the  attention  of 
those  who  adopted  that  opinion  to  the  therniometrical 
changes  which  take  place  when  vapour  is  formed  and 
condensed.  These  changes  are  important,  and  their 
lawa  ourioQS.  The  lawa  belong  to  the  induction  of 
Jatent  bent,  of  which  we  have  just  spoken;  but  a 
knowledge  of  them  ia  not  absolutely  necessary  in  order 
to  enable  ua  to  understand  the  manner  in  which  steam 
exists  in  air. 

De  Luc's  views  led  him*  also  to  the  consideration  of 
the  effect  of  pressure  on  vapour.  He  explains  the  fact 
that  pressure  will  condense  vapour,  by  supposing  that 
it  brings  the  particles  within  the  distance  at  which 
the  repulsion  arising  irom  fire  ceases.  In  this  way,  he 
also  explains  the  fiict,  that  though  external  pressure 
does  thus  condense  steam,  the  mixture  of  a  body  of 
air,  by  which  the  pressure  is  equally  increased,  will 
not  produce  the  same  efiect;  and  thereft)re,  vapours 
can  exist  in  the  atmosphere.  They  make  no  fixed 
proportion  of  it ;  but  at  the  same  temperature  we  have 
the  same  pressure  arising  from  tli^n,  whether  they  are 
in  air  or  not.  Aa  tbe  heat  increases,  vapour  becomes 
capable  of  supporting  a  greater  and  greater  pressure, 
and  at  the  boiling  heat,  it  can  support  the  pressure  of 
the  atmosphere. 

De  Luc  also  marked  very  precisely  (as  Wallerins 
had  done)  the  difference  between  vapour  and  air :  tbe 
former  being  capable  of  change  of  cmigislenie  by  cold 
or  pressure,  the  latter  not  so.  Pictet,  in  1786,  made 
a  hygronietrical  experiment,  which  appeared  to  him  to 
conJBrm  De  Luc's  views;  and  De  Luc,  in  1792,  pub- 
lished a  concluding  essay  on  the  subject  in  tbe  i-'Aiioso- 
p/iicai  Tranaactiwig.     Pictet's  Essay  on  Fin,  in  1791, 

'  Fitcber,Tol.vU.p.4S3.    XeumlUa  Idia  Mr  Va  MiUOTologit.inW. 


414 


HISTORY   OP  THEEMOTICS. 


also  demonstrated  that  '  all  the  train  of  hygrometrical  ] 
phenomena  takes  place  just  as  well,  indeed  rather 
quicker,  in  a  vaouuni  than  in  air,  provided  the  same 
quantity  of  moisture  is  present.'  This  essiiy,  and  De 
Luc's  paper,  gave  the  death-blow  to  the  theory  of  ^e 
Bolution  of  water  in  air. 

Tet  this  theory  did  not  &1I  without  an  obstinate 
etm^le.  It  was  taken  up  by  the  new  school  of 
French  chemists,  and  connected  with  their  viewa  of 
beat.  Indeed,  it  long  appears  as  the  prevalent  opinion, 
Girtanner,'  in  his  Grounds  of  tli«  AntiplUogistie 
T}ieory,  may  be  considered  as  one  of  the  principal 
expounders  of  this  view  of  the  matter.  Hube,  of 
Warsaw,  was,  howeverj  the  strongest  of  the  defenders  of 
the  theory  of  solution,  and  published  upon  it  repeatedly 
about  1790.  Yet  he  appears  to  have  been  somewhat 
embarrassed  with  the  increase  of  the  air's  elasticity  by 
Taponr.  Parrot,  in  1801,  proposed  another  theory, 
maintaining  that  De  Luc  had  by  no  raeana  sueceasfiilly 
attacked  that  of  solution,  but  only  De  Saussure'a 
superfluous  additions  to  it. 

It  is  difficult  to  see  what  prevented  the  general 
reception  of  the  doctrine  of  independent  vapour;  sinca 
it  explained  all  the  facta  very  simply,  and  the  agency 
of  air  was  shown  over  and  over  again  to  be  unneces- 
sary. Yet,  even  now,  the  solution  of  water  in  air  is 
hardly  exploded.  M.  Gay  Lussac,'"  in  iSoo,  talks  of 
the  quantity  of  water  'held  in  solution'  by  the  air; 
which,  he  says,  varies  according  to  its  temperature 
and  density  by  a  law  which  has  not  yet  been  dis- 
covered. And  Professor  Kobison,  in  the  article 
'Steam,'  in  the  Encyclupcedia  BrUannica  (published 
about  1800),  says,'^  'Many  philosophers  imagine  that 
spontaneous  evaporation,  at  low  temperatures,  is  pro- 
duced in  this  way,  (by  elasticity  alone).  But  we  can- 
not be  of  this  opinion  ;  and  must  still  think  that  this 
kind  of  evaporation  is  produced  by  the  dissolving 
power  of  the  air.'     He  then  gives  some  reasons  for  his 
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opinion.  'When  moist  air  ia  suddenly  rarefied,  there 
is  always  a  precipitation  of  water.  But  by  this  new 
doctrine  the  very  contrary  should  happen,  because  the 
tendency  of  water  to  appear  in  the  elastic  form  is  pro- 
moted by  removing  the  external  pressure.'  Another 
main  diAcuIty  in  the  way  of  the  doctrine  of  the  mere 
mixture  of  vapour  and  air  was  supposed  to  be  this; 
that  if  they  were  so  mixed,  the  heavier  fluid  would 
take  the  lower  part,  and  the  lighter  the  higher  part,  of 
tile  space  which  they  occupied. 

The  former  of  these  ailments  was  repelled  by  the 
oonsideration  that  in  the  rarefection  of  air,  its  specific 
heat  is  changed,  and  thus  its  temperature  reduced 
below  the  constituent  temperature  of  the  vapour  which 
it  contains.  The  latter  argument  is  answered  by  a 
reference  to  Dalton's  law  of  the  mixture  of  gases.  We 
must  consider  the  establishment  of  this  doctrine  in 
a  new  section,  as  the  most  material  step  to  the  trae 
notion  of  evaporation. 

Sed.  3. — Daliont  Doctrine  of  Svaporation, 

A  POBTION  of  that  wluch  appears  to  be  the  true  notion 
of  evaporation  was  knownj  with  gi-eater  or  less  dia- 
tlnotnesB,  to  several  of  the  physical  pliiloaophera  of 
whom  we  have  spoken.  They  were  awai-e  that  the 
vapour  which  exists  in  air,  in  an  invisible  state,  may 
be  condensed  into  water  by  cold :  and  they  had  noticed 
that,  in  any  state  of  the  atmosphere,  tiiere  is  a  certain 
temperatui'e  lower  than  that  of  the  atmosphere,  to 
which,  if  we  depress  bodies,  water  forms  upon  them  in 
fine  drops  like  dew;  this  temperature  is  thence  called 
the  deto-point.  The  vapour  of  water  which  exists  any- 
where may  be  reduced  below  the  degree  of  heat  which 
is  necessary  to  constitute  it  vapour,  and  thus  it  ceases 
to  be  vapour.  Hence  this  temperature  is  also  called  the 
eoruUtuent  temperature.  This  was  generally  known  to 
the  meteorological  speculators  of  the  last  century, 
although,  in  England,  attention  was  principally  called 
to  it  by  Dr.  Wells's  Esany  on  l>ew,h\.  181  .\.  T\i\6  ioc- 
trine  readiJf  explains  how  the  cold  pi'odiicei  \i'3  Twe- 
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fection  of  air,  desendiiig  below  the  constituent  tempe- 
rature of  the  contained  vapour,  may  precipitate  a  dew ; 
and  thus,  as  we  have  said,  refates  one  obvious  objec- 
tion to  the  theory  of  independent  vapour. 

The  other  difficulty  was  first  fully  removed  by  Mr. 
Dalton.  When  his  attention  was  drawn  to  the  sabject 
of  vapour,  he  saw  insurmountable  objections  to  the 
doctrine  of  a  chemical  union  of  water  and  air.  In 
fact,  this  doctrine  waa  a  mere  nominal  explanation.; 
for,  on  closer  examination,  no  chemical  analogies  sup- 
ported it.  Ailer  some  reflection,  and  in  the  sequel  of 
other  generalija,tionB  concemiog  gases,  he  was  led  to 
the  persuaaon,  that  when  air  and  steam  are  mixed 
together,  each  follows  its  separate  laws  of  equilibriuDi, 
the  particles  of  each  being  elaatic  with  regard  to  those 
of  their  own  kind  only :  so  that  steam  may  be  con- 
ceived as  flowing  among  the  particles  of  air^'  'like 
a  stream  of  water  among  pebbles;'  and  the  resistance 
■which  air  oflers  to  evaporation  arises,  not  from  its 
weight,  but  from  the  inertia  of  its  particles. 

It  will  be  found  that  the  theory  of  independent 
vapour,  understood  with  these  conditions,  will  include 
all  the  fects  of  the  case; — gradual  evaporation  in  air; 
sudden  evaporation  in  a  vacuum;  the  increase  of  the 
air's  elasticity  by  vapour;  condensation  by  its  variona 

But  Mr.  Dalton  also  made  experiments  to  prove  his 
fundamental  principle,  that  if  two  different  gases  com- 
municate, they  will  difiiise  themselves  through  each 
other  ;^* — slowly,  if  the  opening  of  communioation  be 
small.  He  observes  also,  that  all  the  gases  had  equal 
solvent  powers  for  vapour,  which  could  hardly  have 
happened,  had  chemical  affinity  been  concerned.  Nor 
does  the  density  of  the  air  make  any  difierence. 

Taking  all  these  circumstances  into  the  account, 
Mr.  Dalton  abandoned  the  idea  of  solution.  '  In  the 
autnmn  of  1801,  he  says,  '  I  hit  upon  an  idea  which 
seemed  to  be  exactly  calculated  to  explain  the  pheno- 
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mena  of  vapour :  it  gave  rise  to  a  great  variety  of 
experiments,'  which  ended  in  fixing  it  in  his  mind  as 
a  true  idea.  '  But,'  he  adds,  '  the  theory  was  almost 
universally  miaunderstood,  and  consequently  repro- 
bated.' 

Mr.  Dalton  answers  various  objections.  Berthollet 
had  urged  that  we  can  hardly  conceive  the  particles  of 
an  elastic  substance  added  to  those  of  another,  without 
iocreasing  its  elasticity.  To  this  Mr.  Dalton  replies 
by  adducing  the  instance  of  magnets,  which  repel  each 
other,  but  do  not  repel  other  bodies.  One  of  the  moat 
curious  and  ingenious  objections  is  that  of  Mr.  Gough, 
who  argues,  that  if  each  gas  is  elastic  with  regard  to 
itself  alone,  we  should  hear,  produced  by  one  stroke, 
four  sounds ;  namely,  jiret,  the  sound  through  aqueous 
vapour ;  second,  the  sound  through  azotic  gas ;  third, 
the  sound  through  oxygen  gaa ;  /ourt/i,  the  sound 
through  carbonic  acid.  Mr.  Dalton's  answer  is,  that 
the  difference  of  time  at  which  these  sounds  would 
come  is  very  small;  and  that,  in  fact,  we  do  hear 
sounds  double  and  treble. 

In  his  ^ew  Sygtem  of  Chemical  Philosophy,  Mr. 
DaltoD  considers  the  objections  of  his  opponents  with 
singular  candour  and  im.partiality.  He  there  appears 
disposed  to  abandon  that  part  of  the  theory  which 
negatives  the  mutual  repulsion  of  the  particles  of  the 
two  gaaes,  and  to  attribute  their  diffusion  through  one 
another  to  the  different  size  of  the  particles,  which 
would,  he  thinks,'*  produce  the  same  effect. 

In  selecting,  as  of  permanent  importance,  the  really 
valuable  part  of  this  theory,  we  must  endeavour  to 
leave  out  all  that  is  doubtfial  or  unproved.  I  believe 
it  will  be  found  that  in  all  theories  hitherto  promul- 
gated, all  asaertiouB  respecting  the  properties  of  the 
particles  of  bodies,  their  sizes,  distances,  attractions, 
and  the  like,  are  insecure  and  superfluous.  Passing 
over,  then,  such  hypotheses,  the  inductions  which 
remain  are  these; — that  two  gases  which  are  in  com- 
munication will,  by  the  elasticity  of  each,  diffuse  them- 
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selves  in  one  another,  quickly  or  slowly :  and— that  the 
qiiautitj  of  steam  contained  in  a  certain  space  of  bjt  is 
the  same,  whatever  be  the  air,  whataver  be  its  deneitj, 
and  even  if  there  be  a  vacuum.  These  propositions 
may  be  included  together  by  saying,  that  one  gas  is 
mechanioally  mixed -with  another;  and  we  cannot  but 
assent  to  what  Mr.  Dalton  says  of  the  latter  fact, — 
'  this  is  certainly  the  touchstone  of  the  mechanical  and 
chemical  theories.'  This  doctrine  of  t/ie  mechamcal 
mixtiire  of  gases  appe-ars  to  supply  answers  to  all  the 
difficiilties  opposed  t&  it  by  Berthollet  and  others,  as 
Mr,  Dalton  has  shown  i"'  and  we  may,  therefore, 
accept  it  as  well  established. 

This  doctrine,  along  with  the  principle  of  the  eon- 
slUuent  temperature  of  aieam,  is  applicable  to  a  large 
series  of  meteorological  and  other  consequences.  But 
before  considering  the  applications  of  theoiy  to  natural 
phenomena,  which  have  been  made,  it  will  be  proper 
to  speak  of  researches  which  were  carried  on,  iu  a 
great  measure,  in  coneequence  of  the  use  of  at 
the  arts :  I  mean  the  laws  which  connect  its 
force  with  its  constituent  temperature. 


uu  u,^ 


—Determination   of  the  Laws   of  the   El 
Force  of  Steam, 


The  expansion  of  aqueons  vapour  at  different  tem- 
peratures is  governed,  like  that  of  aU  other  vapours, 
by  the  law  of  Dalton  and  Gay-Luasac,  already  men- 
tioned ;  and  from  this,  its  elasticity,  when  its  expansion 
is  resisted,  will  he  known  by  the  law  of  Boyle  and 
Mariotte;  namely,  by  the  rule  that  the  pressure  of 
airy  fluids  is  as  the  condensation.  But  it  is  to  be 
observed,  that  this  process  of  calculation  goes  on  the 
supposition  that  the  steam  is  cut  off  Irom  contact  with 
water,  so  that  no  more  steam  can  be  generated ;  a  case 
quite  different  from  the  common  one,  in  which  the 
£team  is  more  abundant  as  the  heat  is  greater.     Th*, 

1*  Sob  aijstem,,iQ\.\.s.  v&a.h*. 


RELATION  OF  VAPOUB   AND  AIR.         419 

examinatinn  of  the   force  of  vapour,  when  it  is  in 
contact  with  water,  must  be  briefly  noticed. 

During  the  period  of  which  we  have  been  speahing, 
the  progress  of  the  investigation  of  the  lawa  of  aqueous 
vapour  was  much  accelerated  by  the  growing  import- 
ance of  the  steam-engine,  in  which  those  laws  operated 
in  a  practical  form.  James  Watt,  the  main  improver 
of  that  machine,  was  thus  a  great  contnbutor  to  specu- 
lative knowledge,  as  well  aa  to  practical  power.  Many 
of  hia  improvements  depended  on  tlio  laws  which  r^u- 
late  the  quantity  of  heat  which  goes  to  the  formation 
or  condensation  of  steam;  and  the  observations  which 
led  to  these  improvements  enter  into  the  induction 
of  latent  heat.  Meaaurementa  of  the  force  of  steam, 
at  all  temperatures,  were  made  with  the  same  view. 
Watt's  attention  had  been  drawn  to  the  steam-engine 
in  1759,  by  Robison,  the  former  being  then  an  instru- 
ment-maker, and  the  latter  a  student  at  the  TJniveraity 
of  Glasgow."  In  1761  or  17S2,  he  tried  some  CKperi- 
ments  on  the  force  of  steam  in  a  Papin'a  Digester  ;^' 
and  formed  a  sort  of  working  model  of  a  steam-engine, 
feeling  already  his  vocation  to  develope  the  powers  of 
that  invention.  His  knowledge  was  at  that  time 
principally  derived  from  Desaguliera  and  Belidor,  but 
his  own  experiments  added  to  it  rapidly.  In  1 764  and 
1765,  he  made  a  more  systematica!  course  of  experi- 
ments, directed  to  aacertain  the  force  of  steam.  He 
tried  this  force,  however,  only  at  temperatures  above 
the  boiling-point ;  and  inferred  it  at  lower  degrees  from 
the  sapposed  continuity  of  the  law  thus  obtained.  His 
friend  Robison,  also,  was  soon  after  led,  by  reading  the 
account  of  some  experiments  of  Lord  Charles  Caven- 
dish, and  some  others  of  Mr.  Naime,  to  examine  the 
same  subject.     He  made  out  a  table  of  the  correspond- 

1«  HoWaon's   H'orif,  vol.  li.  p.  obubI  holling-poinl:  andhad  hence 

11].  invpnltd    the  iDBtrument    sailed 

'7  DeaiaPBpin.whomBdelPBny  PapMi  Digmtir.     It  le  described 

of  Boyle's  experimenle  for  Iilm.  in  bis  book.  La  manilre  d'amoUr 

hail  diacorered  thai  if  the  vapour  la  en  tide  fitire  cum  toutet  lortrt 

be  prerenltd   /hJm    rising,    the  iff  viandea  en  /ort  peude  lempiiA 

water  betomea   hotttr   than    the  dptudtfraii.    ¥»rt*,  i6to. 
E  £  2 
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enoe  of  the  elasticity  ani  the  temperature  of  vapoui;  1 
from  thirty-two  to  two  hundred  and  eighty  degrees 
of  Fahrenheit's  ttenncimeter.'^     The  thing  here  to  Iw 
remarked,  is  the  establishment  of  a  law  of  the  pressure 
of  steam,  dowii  to  the  freemig-point  of  water.     Ziegler 
of  Basle,  in  1769,  and  Achard  of  Berlin,  in  1782,  madaij 
similar  experimeuta.     The  latter  examined  aleo  t 
elasticity  of  the  vapour  of  alcohol.      Betanconrt,  i 
1793,  publixhed  his  Memoir  on  the  expansive  force  d 
vapours ;  and  his  tables  were  for  some  time  consider 
the  most  exact     Proay,  in  his  Archltectwre  Hydra 
lique  (1796),  established  a  mathematical  formula,"' 
the   experimenta  of  Betancourt,   who  began  his  1 
searches  in  the  belief  that  he  was  first  in  the  fieldtj 
although  he  afterwards  found  that  he  had  been  antiw 
pated  by  Ziegler.     Gren  compared  the  experimenta  n 
Betancourt  and  De  Luc  with  hia  own. 
an  important  fact,  that  when   water  hoUs,   the  * 
ticity  of  the  steam  is  equal  to  that  of  the  atmoapheir 
Schmidt  at  Giessen  endeavoured  to  improve  the  ap[ 
ratuB  used  by  Betancourt;  and  Biker,  of  Hot* 
in  1800,  made  new  trials  for  the  same  purpose. 

In  1801,  Mr.  Dalton  communicated  to  the  Phi 
sophical  Society  of  Manchester  his  investigations  OH 
this  subject;  observing  truly,  that  though  the  fotoea 
at  high  temperatures  are  most  important  when  steam 
is  considered  as  a  mechanical  agent,  the  progress  of 
philosophy  is  more  immediately  interested  in  accurate 
observations  on  the  force  at  low  temperatures.  He 
also  found  that  his  series  of  elaaticitiea  for  equidistant 
temperatures  resembled  a  geometrical  progremion,  but 
with  a  ratio  constantly  diminishing.  Dr.  Ure,  in  1818, 
published  in  the  PhUosophicat  Tranaacfwns  of  London, 
experiments  of  the  same  kind,  valuable  from  the  high 
temperatures  at  which  they  were  made,  and  for  ^ft  ^ 
simplicity  of  his  apparatus.  The  law  which  he  thia 
obtained  approached,  like  Dalton'a,  to  a  geomelri 


neie  were  Bflemards  published  In  Ihe 
le  article  'Sleam,'  ni\lXen\i3  ■ftQ\,\aon. 
Anhili^UTt  UadrQul"Ki«*,aecoiiait*a 
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pTOipression.  Dr.  TJre  says,  that  a,  formula  propoaed 
by  M.  Biot  gives  an  errour  of  near  nine  indiea  out  of 
seTenty-five,  at  a  temperature  of  266  degrees.  This  is 
very  conceivable,  for  if  the  formula  be  wrong  at  all, 
the  geometrical  progress  rapidly  inflames  the  errour  in 
the  higher  portions  of  the  scale.  The  elasticity  of 
steam,  &t  high  temperatures,  has  also  been  experi- 
mentally examined  by  Mr.  Soathem,  of  Sobo,  and  Mr. 
Sharpe,  of  Manchester,  Mr.  Dalton  has  attempted  to 
deduce  certain  general  laws  from  Mr.  Sharpe's  experi- 
menta;  and  other  persons  hav«  offered  otiier  rules,  as 
those  which  govern  the  force  of  steam  with  reference 
to  the  temperature :  but  no  rule  apgiears  yet  to  have 
assumed  the  cliaracter  of  an  established  scieiiti£c  truth. 
Tet  the  law  of  tbe  expansive  force  of  steam  is  not  only 
required  in  order  that  the  steam-engine  may  bo  em- 
ployed with  safety  and  to  the  best  advantage ;  but 
must  also  be  an  important  jjoint  in  every  consistent 
thermotical  theory. 

[and  Ed.]  [To  the  experiments  on  steam  made  by 
private  physicists,  are  to  be  added  the  experiments 
made  on  a  grand  scale  by  order  of  the  governments  of 
France  and  of  America,  with  a  view  to  legislation  on 
the  subject  of  steam-engines.  The  French  ex]>eriment8 
were  made  in  1823,  under  the  direction  of  a  commis- 
sion consisting  of  some  of  the  most  distinguished  mem- 
bera  of  the  Academy  of  Sciences;  namely,  MM.  de 
Prony,  Arago,  Girard,  and  Duloug.  The  American 
experiments  were  placed  in  the  hands  of  a  committee 
of  the  Franklin  Institute  of  the  State  of  Pennsylvania, 
consisting  of  Prof.  Bache  and  others,  in  1830.  The 
French  experiments  vent  as  high  as  435°  of  Fahren- 
heit's thermometer,  corresponding  to  a  pressure  of  60 
feet  of  mercury,  or  24  atmospheres.  The  American 
experiments  were  made  up  to  a  temperature  of  346°, 
which  corresponded  to  274  inches  of  mercury,  more 
than  9  atmospheres.  The  extensive  range  of  these 
ex]}eriments  affords  great  advantages  for  determining 
the  law  of  the  expansive  force.  The  French  Academy 
found  that  their  experiments  indicated  asv  wstea^K.  vS 
the  elastic  force  accoi-ding   to  the  J!/lh,  ^-wet  o'i-  «> 
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binominal  i  +  mt,  where  t  ia  the  temperature.     The 
Aiaeri»!an  Institute  were  led  to  a  siixlh  power  of  a  like 
binonuaaL     Other  experimenterB  have  expressed  their 
resulte,  not  bj  powers  of  the  temperature,  but  by 
geometrical  ratioB,     Dr,  Dalton  had  auppoaed  that  the 
expansion  of  mercury  being  as  the  square  of  the  true 
temperature  above  its  freezing-point,    the  expanaiTB  I 
force  of  Bt«am  increases  in  geometrical  ratio  for  equal  A 
increments  of  temperature.      And  the  author  of  thfl  J 
article  Steatn  in  the  Seventh  Edition  of  the  £ncyd»-  I 
pasdia  Britannica  (Mr.  J.  S.  HusseU),  has  found  that  tlM  1 
espei-iments  are  best  satisfied  by  supposing  mercuiyj  i 
as  well  as  steam,  to  expand  in  a  geometrical  ratio  fi 
equal  increments  of  the  true  temperature. 

It  appears  by  such  calculation,  that  while  dry  gi 
increases  in  the  ratio  of  8  to  ii,  by  an  ' 
temjieratnre  from  freezing  to  boiling  water;  steam  ii 
coutact  with  water,  by  the  same  inoi-ease  of  temperatn 
above  boiling  water,  has  ita  expansive  force  ini 
in  the  proportion  of  i  to  12.  By  an  equal  incr 
temperature,  mercury  expands  in  about  the  ratio  <1 
8  to  9. 

Recently,  IIM.  Magnus  of  Berlin,  Holzmann  and  B 
nault,  have  made  series  of  observations  on  the  relatioil 
between  temperature  and  elasticity  of  steam.^'' 

Fro£  Magnus  measured  bis  temperatures  by  an 
air-thermometer;  a  process  which,  I  stated  in  the  first 
edition,  seemed  to  afford  the  best  promise  of  simplify- 
ing the  law  of  erpaasion.  His  result  is,  that  the 
elasticity  proceeds  iu  a  geometric  series  when  the  tem- 
perature proceeds  iu  au  arithmetical  aeries  neariy^ 
the  differences  of  temperature  for  equal  augmentation 
of  the  ratio  of  elasticity  being  somewhat  greater 
the  higher  temperatures. 

The  forces  of  the  vapours  of  other  liquids  in  oon 
with  their  liquids,  determined  by  Dr.  Faraday,  a 
tioned  in  Chap.  ii.  Sect,  i,  are  analogous  to  the  elaatioitjH 
of  steaui  here  spoken  of.] 


RELiTION   OF  VAPOUR  AKD  AIIL        423 

Sed.  5. — Consequences  of  the  Doctrine  of  Evaporation. 
— Explanation,  of  Rain,  Dew,  andCtoads. 

The  diacoveriea  couceming  the  relations  of  heat  and 
moiatiire  which  were  made  daring  the  last  centuiy, 
■were  principally  suggested  by  meteorological  inquiries, 
and  were  applied  to  meteorology  as  fast  as  they  rose. 
Still  there  remains,  on  many  poluts  of  this  subject,  so 
much  doubt  and  obscurity,  that  we  cannot  supi>ose  the 
doctrines  to  have  assumed  their  final  form ;  and  there- 
fore we  are  not  here  called  upoo  to  trace  their  pi-ogresa 
and  connexion.  The  principles  of  atmology  are  pretty 
well  understood ;  butthedifficuLtyof  observing  the  con- 
ditions under  which  they  produce  their  effects  in  the 
atmosphere  is  so  great,  that  the  precise  theory  of  most 
meteorological  phenomena  in  still  to  be  determined. 

"We  have  already  considered  the  answers  given  to 
the  question :  According  to  what  rules  does  trana- 
parent  aqueous  vapour  resume  its  lorm  of  visible 
water  1  This  question  LncluJes,  not  only  the  pro- 
blems of  Bain  aud  Dew,  but  also  of  Clouds ;  for  clouds 
are  not  vapour,  but  water,  vapour  being  always  invi- 
sible. An  opinion  which  attracted  much  notice  in  its 
time,  was  that  of  Hutton,  who,  in  1784,  endeavoured 
to  prove  that  if  two  masses  of  air  saturated  with 
transparent  vapour  at  different  temperatures  are 
mixed  together,  the  precipitation  of  water  in  the  form 
either  of  cloud  or  of  drojis  will  take  place.  The  reason 
he  assigned  for  the  opinion  was  this;  that  the  tempe- 
rature of  the  mixture  is  a  loean  between  the  two 
temperatures,  but  that  the  force  of  the  vapour  in  the 
mixture,  which  is  the  mean  of  the  forces  of  the  two 
component  vapours,  will  be  greater  than  that  which 
corresponds  to  the  mean  temperature,  since  the  force 
increases  faster  than  the  temperature  ;^'  aud  hence 
some  part  of  the  vapour  will  he  precijiitated.  This 
doctrine,  it  will  be  seen,  speaks  of  vajmur  as  'satumt- 
ing'  air,  and  is  therefore,  in  this  form,  inconsistent 
withDalton's  principle;  but  it  is  not  difficult  to  modify 

->  EiUb.  Tpmt.  TOl.  L  p.  4». 
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the  (!}tpri33aiou  so  as  to  retain  the  essential  pai^  of 
esptojiation. 

Dem. — The  priuciple  of  &  '  constituent  temjieratun 
of  ateajn,  and  the  explanation  of  the  '  dew-point,'  wi 
known,  as  we  have  aaid,  (Chap,  iii.  Sect.  3,)  to  ( 
meteorologiats  of  the  laat  century;  but  we  perceive  hi 
incomplete  their  knowledge  was,  by  the  very  gra^i 
manner  in  which  the  consequences  of  this  principle  wi 
traced  out.   We  have  aJrendy  noticed,  aa  one  of  thi 
which  most  drew  attention  to  the  true  doctrine, 
country  at  least.  Dr.  Wells's  Essay  on  Dew,  publ 
in  1814.     In  this  work  the  author  gives  an  account 
the  progress  of  his  opinions  ;^*  '  I  was  led,'  he  says, ' 
the  autumn  of  1784,  by  the  event  of  a  rude  expt 
meat,  to  think  it  probable  that  the  formation  of  di 
is  attended  with  the  production  of  cold.'     This 
confirmed   by  the  experiments  of  others.      But  a 
years  after, '  upon  eonsidering  the  subject  more  eloi 
I  began  to  suspect  that  Mr.  Wilson,  Mr.  Sis,  and  mj 
had  all  committed  an  error  in  regarding  the  cold  whi 
accompanies  the  dew,  as  an  effect  of  the  fonnatiOQ 
the  dew.'     He  now  considered  it  rather  as  the  ecu 
and  soon  found  that  he  was  able  to  account  for 
circumstances  of  this  formation,  many  of  them  curi 
and  paradoxical,  by  supposing  the  bodies  on  which  < 
is  deposited,  to  be  cooled  down,  by  radiation  into 
clear  night^aky,  to  the  proper  temperature.     The  u 
piTnciple  will  obviously  explain  the  formation  of  m 
over  streams  and  lakes  when  the  air  is  cooler  than 
water;  which  was  put  forward  by  Davy,  even  in  iS 
as  a  new  doctrine,  or  at  least  as  not  familiar. 

Hygromeiers.^&.OGonimj;  &a  aii"  haa  more  or 
of  va]iour  in  comparison  with  that  which  its  tern] 
rature  and  pressure  enable  it  to  contain,  it  is  more 
less   humid;   and   an   instrument  which 
degrees   of  such  a  gradation   is  a  hygj 
hygrometers  which  were  at  first  invented,  were 
which  measured   the  moisture  by  its  effect  in 
ducing   expansion   or  contraction  in  certain  oi 
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thus  De  SauBsure  devisod  a  hair-hygro- 
meter, De  Luc  a  whalebone-hygrometer,  and  Dalton 
used  a  piece  of  whipcord.  All  these  contrivances  were 
THtmble  in  the  amount  of  their  indicationa  under  the 
Bttme  circumstances ;  aad,  moreover,  it  waa  not  easy  to 
know  the  physical  meaning  of  the  degi'ee  indicated. 
The  dew-point,  or  constituent  temperature  of  the 
TapouF  which  exists  in  the  air,  is,  on  the  other  hand, 
both,  constant  and  definite.  The  determination  of 
this  point,  aa  a  datum  for  the  moisture  of  the  atmo- 
sphere, was  employed  byLeRoi,  and  by  Dalton(i8o3), 
the  condensation  being  obtained  by  cold  water  :^  and 
finally,  Mr.  Daniell  (1812)  constructed  an  instrument, 
where  the  condensing  temperature  was  produced  by 
evaporation  of  ether,  in  a  very  convenient  maimer. 
Thia  invention  {DanidUa  tlygrotnettr)  enables  us  to 
determine  the  quantity  of  vapour  which  exists  in  a 
given  mass  of  the  atmosphere  at  any  time  of  obser- 
vation. 

,  [and  Ed.]  [As  a  happy  application  of  the  Atmolo- 
gtcnl  Laws  which  have  been  discovered,  I  may  mention 
the  completion  of  the  theory  and  use  of  the  Wet-biM 
Ilygromiler;  an  instrument  in  which,  from  the  depres- 
sion of  temperature  produced  by  wetting  the  bulb 
of  a  thermometer,  we  infer  the  further  depression 
which  would  produce  rfero.  Of  this  instrument  the 
history  is  thus  summed  up  by  Prof,  Forbes : — '  Hutton 
invented  the  method ;  Leslie  revived  and  extended  tt, 
giving  probably  the  earliest,  though  an  imperfect, 
theory;  Gay-Lussac, by  his  excellent  experiments  and 
reasoning  fiom  them,  completed  the  theory,  so  far  as 
perfectly  dry  air  is  concerned ;  Ivory  extended  the 
theory;  which  waa  reduced  to'  practice  by  Auguste  and 
Bohnenberger,  who  determined  the  constant  with- 
accuracy.  English  observers  have  done  little  more 
than  confirm  the  conclusions  of  our  industrious  Ger- 
manic neighbours ;  nevertheless  the  experiments  of 
Apjohn  and  Prinsep  must  ever  be  considered  aa  con- 
clusively settling  the  value  of  the  coefficient  near  the 

"  DaaielU-ittl.Su.p.i^.    Mawh.  Hem.  loV.i.s.  S'iv. 
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one  extremity  of  the  scale,  s 
done  for  the  other. '^ 

Prof.  Porbes'a  two  Reports  On  tlie  Recent  Progr 
and  Present  State  of  MeleorologT/  given  among  t 
ReporU  of  the  British  A»gockUinn  for  1832  and  1840,- 
coiitMn  a  complete  and  luminous  account  of  recent 
researches  on  this  subject.  It  may  perhaps  be  asked 
■why  I  have  not  given  Meteorology  a  place  among  the 
Inductive  Sciences;  but  if  the  reader  refers  to  tteae 
accounts,  or  any  other  adeq\iate  view  of  the  aubject, 
he  will  see  that  Meteorology  is  not  a  single  Inductive 
Science,  but  the  application  of  several  sciences  to  the 
explanation  of  terrestrial  and  atmospheric  phenomena. 
Of  the  sciences  so  applied,  Thermotics  and  Atmology 
are  the  principal  on€«.  But  others  also  come  into 
play;  as  Optics,  in  the  explanation  of  EainhoWB,  E 
Parhelia,  Oorons,  Glories,  and  the  like ;  Electricity,  4l 
the  explanation  of  Thunder  and  Lightning,  "  . 
Aurora  Borealis;  to  which  others  might  be  added.]  " 

Clouds. — When  vapour  becomes  visible  by  bein] 
cooled  below  its  constituent  temperature,  it  forma 
itself  into  a  fine  watery  powder,  the  diameter  of  the 
particles  of  which  this  powder  consists  being  very 
small ;  they  are  estimated  by  various  writers,  from 
i-ioo,oooth  to  i-30,oooth  of  an  inch.*^  Such  par- 
ticles, even  if  solid,  would  descend  very  slowly;  and 
very  alight  causes  would  suffice  for  their  suspension, 
without  recurring  to  the  hypothesis  of  vesicles,  of 
which  we  have  already  spoken.  Indeed  that  hypothews 
will  not  explain  the  fact,  except  we  suppose  these 
vesicles  filled  with  a  rarer  air  than  that  of  the  atmo- 
sphere; and,  accordingly,  though  this  hypothesis  is  still 
maintained  by  some,^*  it  is  asserted  as  a  fact  of  obser- 
vation, proved  by  optical  or  other  phenomena,  and  not 
deduced  from  the  suspension  of  clouds.  Tct  the  latter 
result  is  still  variously  explained  by  different  philo- 
sophers:   thus,  M.  Gay-Lusaac^^  accounts  for  it  by 
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opward  ourrenta  of  air,  and  Fresnel  explains  it  by  the 
heat  and  raretactdon   of  air  in   the  interior  of  the 

Claasifieation  of  Clouds, — A  classification  of  clomia 
can  then  only  be  consistent  and  intelligible  when  it 
reata  upon  their  atmological  conditions.  Such  a 
system  was  projKiBed  by  Mr,  Luke  Howard,  in  1802-3. 
HJB  primary  modilioations  are.  Cirrus,  Cumulus,  and 
Stratus,  which  the  Germans  have  translated  by  terms 
equivalent  in  English  to  Jeatlier-elMiii,  heap-cloud, 
and  layitT'doud.  The  cmnulua  increases  by  accnmula^ 
tiona  on  its  top,  and  floats  in  the  air  with  a  horizontal 
base ;  the  stratus  grows  from  below,  and  spreads  along 
the  earth;  the  cirrus  consists  of  fibres  in.  the  higher 
regions  oC  the  atmosphere,  which  grow  every  way. 
Between  these  simple  modifications  are  intermediate 
ones,  oirro~cu;iwdiis&nA.cvrro-»tratii,s;  and,  again,  com' 
pound  ones,  the  cumulo-stratus  and  the  nimbus,  or  rain- 
ehttd.  These  distinctions  have  been  generally  accepted 
all  over  Europe:  and  have  rendered  a  description  of 
the  processes  which  go  on  in  the  atmosphere  far  m.ore 
definite  and  clear  than  it  could  be  made  before  their 
use. 

I  omit  a  vast  mass  of  facta  and  opinions,  supposed 
lavs  of  phenomena  and  assigned  causes,  which  abound 
in  nieteorology  more  than  in  any  other  science.  The  . 
slightest  consideration  will  show  us  what  a  great 
amount  of  labour,  of  persevering  and  combined  ob- 
servation, the  progress  of  this  branch  of  knowledge 
requires.  I  do  not  even  speak  of  the  condition  of  tlie 
more  elevated  parts  of  the  atmosphere.  The  diminu- 
tion of  temperature  as  we  ascend,  one  of  the  moat 
marked  of  atmospheric  facts,  has  been  variously  ex- 
plained by  different  writers.  Thus  Dalton^  (1808) 
refers  it  to  a  principle  '  that  each  atom  of  air,  in  the 
same  perpendicular  column,  is  possessed  of  the  same 
degree  of  heat,'  which  principle  he  conceives  to  be 
entirely  empirical  in  this  case.  Fourier  says^  (1817), 
'This  phenomenon  resulte  from  several  causes:  one  of 


"  A'aeSgtI.  qfChcm.  rol,  I.  p.  iij. 


428  HISTORY  OF  THERMOtlCS. 

the  principal  is  the  progressive  extinction  of  the  rays 
of  heat  in  the  successive  strata  of  the  atmosphere.' 

Leaving,  therefore,  the  application  of  thermotical 
and  atmological  principles  in  particular  cases,  let  us 
consider  for  a  moment  the  general  views  to  which  they 
have  led  philosophers. 


CHAPTER  IV. 

Physical  Theories  of  Heat. 

WHEN  we  look  at  the  condition  of  that  branch 
of  knowledge  which,  according  to  the  phraseology 
already  employed,  we  must  call  Physieal  Thermotia, 
in  opposition  to  Formal  Thermotics,  which  gives  us 
detached  laws  of  phenomena,  we  iind  the  prospect 
veiy  different  from  that  which  was  presented  to  us  by 
physical  aatronomy,  optica,  and  acoustics.  In  these 
sciences,  the  maintainers  of  a  distinct  and  comprehea- 
sive  theory  have  professed  at  least  to  show  that  it  ex- 
plains and  includes  the  principal  laws  of  phenomena 
of  very  various  kinds :  in  Thermotics,  we  have  only 
attempts  to  explain  a.  part  of  the  tacts.  We  have 
here  no  example  of  an  hypothesis  which,  sasnnied  in 
order  to  explain  one  class  of  phenomena,  has  been 
found  also  to  account  exactly  for  another  j  as  when 
central  forces  led  to  the  precession  of  the  equinoxes; 
or  when  the  explanation  of  polarization  explained  also 
double  refraction;  or  when  the  pressure  of  the  atmo- 
sphere, aa  measured  by  the  harometer,  gave  the  true 
velocity  of  sound.  Such  coincidences,  or  consiliences, 
as  I  have  elsewhere  called  them,  are  the  test  of  truth ; 
ajid  thermotical  theories  cannot  yet  exhibit  credentials 
of  this  kind. 

On  looking  back  at  our  view  of  this  science,  it  will 
bo  seen  that  it  may  be  distinguished  into  two  parts ; 
the  Doctrines  of  Conduction  and  Radiation,  which  we 
call  Thermotics  proper ;  and  the  Doctrines  respecting 
the  relation  of  Heat,  Airs,  and  Moisture,  winch  we 
have  termed  Atmolo'gy.  These  two  subjects  differ  in 
their  bearing  on  our  liypothetical  views. 

Thermotical  The'-ries. — The  phenoiuena  of  radiant 
heat,  like  those  of  radiant  light,  obviously  admit  of 
general  explanation  in  two  different  ways; — by  the 
emission  of  material  particles,  or  by  tbe  YHV5iB:gbXw'tt. 
of  undulations.     Both  these  opinions  have  fewai  ea'^ 
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porters.  Probably  moat  persons,  in  adopting  Prevost's 
theory  of  exdiangea,  conceive  the  radiation  of  heat  to 
be  the  radiation  of  matter.  The  undulation  hypothesis, 
on  the  other  hand,  appears  to  be  suggested  by  the 
production  of  heat  by  friction,  and  was  accordingly 
muutained  by  Rumford  and  others.  Leslie'  appears, 
in  a  great  part  of  his  Inquiry,  to  be  a  supporter  of 
some  undulatory  doctrine,  but  it  is  extremely  difficult 
to  make  out  what  hia  undulating  medium  is  j  or  mther, 
hia  opinions  wavered  during  hia  progress.  In  page 
3 1 ,  he  afike, '  What  is  this  calorific  and  frigorific  fluid  V 
and  after  keeping  the  reader  in  suspense  for  a  nkomeut, 
he  replies, 

'  Qucd  petii  hio  est. 

It  is  merely  the  ambient  AlE.'  But  at  page  150,  he 
again  auks  the  question,  and,  at  page  i83,  he  answers, 
'  It  is  the  same  subtile  matter  that,  according  to  it^ 
different  modes  of  existence,  constitutes  either  heat  or 
light.'  A  person  thus  vacillating  between  two  opinions, 
one  of  which  is  palpably  falae,  and  the  other  laden 
with  exceeding  difficulties  which  he  does  not  even 
attempt  to  remove,  had  little  right  to  protest  against^ 
'  the  sportive  &eaks  of  some  intangible  aiM-a  ;'  to  rank 
all  other  hypotheses  than  his  own  with  the  'occult 
qualities  of  the  schools  j'  and  to  class  the  'prejudices' 
of  his  opponents  with  the  tenets  of  those  who  u 
tained  the  Juga  vacui  in  opposition  to  Torricelli. 
is  worth  while  noticing  this  kind  of  rhetoric,  in  ( 
to  observe,  that  it  may  be  used  just  as  ea^y  on 
wrong  side  as  on  the  right 

Till  recently,  the  theory  of  material  heat,  and  of  ita 
propagation  by  emission,  was  probably  the  one  most 
in  favour  with  those  w^ho  had  studied  mathematical 
thermotics.  Aa  we  have  said,  the,  laws  of  conduction, 
in  their  ultimate  analytical  form,  were  almost  identical 
■with  the  laws  of  motion  of  fluids.  Fourier'a  principle 
also,  that  the  radiation  of  heat  takes  place  &om  points 
below  the  surface,  and  is  intercepted  by  the 
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ficial  particles,  appears  to  favour  tlie  notiou  of  material 

Aocordingly,  fwme  of  tte  most  eminent  modem 
French  mathematiciana  have  accepted  and  extended 
the  hypothesis  of  a  material  caloric.  In  addition  to 
Fourier's  doctrine  of  molecular  extra-radiation,  Laplace 
and  Poisaon  have  maintained  the  hypothesis  of  mole- 
eular  intra-radiation,  a&  the  mode  in  which  conduction 
tates  place:  that  is,  they  say  that  the  particles  of 
bodies  axe  to  be  considered  as  discrete,  or  as  poiute 
separated  from  each  other,  and  acting  on  each  other  at 
a  distance;  and  the  conduction  of  heat  from  one  part 
to  another,  is  performed  by  radiation  between  all 
neighbouring  particles.  They  hold  that,  without  this 
hypothesis,  the  differential  equations  erpi-easjng  the 
conditions  of  conduction  cannot  bo  made  homogeneous : 
but  this  assertion  rests,  I  conceive,  on  an  errour,  as 
Fourier  has  shown,  by  dispensing  with  the  hypothesis 
The  necessity  of  the  hypothesis  of  discrete  molecular 
action  in  bodies,  is  maintained  in  all  cases  by  M.  Poissnu; 
and  he  has  asserted  Laplace's  theory  of  capillary  attrac- 
tion to  be  defective  on  this  ground,  as  Laplace  asserted 
■  Ponrier's  reasoning  respecting  heat  to  be  so.  In  reality, 
however,  this  hypothesis  of  discrete  molecules  cannot 
be  maintained  as  a  physical  truth ;  for  the  law  of 
molecular  action,  which  is  assumed  in  the  reasouing, 
after  answering  its  purpose  in  the  progress  of  calcula- 
tion, vanishes  in  the  result ;  the  conclusion  is  the  same", 
whatever  law  of  the  intervals  of  the  molecules  he 
BSBumed.  The  definite  integral,  which  expresses  the 
whole  action,  no  more  proves  that  this  action  is  actually 
made  of  the  differential  parts  by  means  of  which  it  was 
found,  than  the  processes  of  finding  the  weight  of  a 
body  by  integration,  prove  it  to  be  made  up  of  dif- 
ferential weights.  And  therefore,  even  if  we  were  to 
adopt  the  emission  theory  of  heat,  we  are  by  no  means 
bound  to  take  along  with  it  the  hypothesis  of  discrete 
molecules. 

But  the  recent  discovery  of  the  refraction,  polari- 
Hition,  and  depolarization  of  heat,  haa  (\uite  aitct^-A 
the  theoretical  aspect  of  the  subject,  a.ad,  eimost,  aX.  -a. 
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single  blow,  ruined  the  emisdoii  theory.  Since 
is  reflected  and  refractiid  like  light,  analogy  would 
UB  to  conclude  that  the  mechanism  of  the  processes  ^ 
the  same  in  the  two  oaaes.  And  when  we  add  to  thcw_^ 
properties  the  property  of  polarization,  it  is  scarcelf 
poEBible  to  believe  otherwise  than  that  heat  consists  in 
transverse  vibrations;  for  no  wise  pliiloaopher  would 
attempt  an  esplajiatloa  by  ascribing  polea  to  the  emitted 
particles,  after  the  experience  which  Optics  affords,  of 
the  utter  fiulure  of  such  machinery. 

But  here  the  question  occurs,  If  heat  consists  in 
vibrations,  whence  arises  the  extraordinary  identity  of 
the  laws  of  its  propagation  with  the  laws  of  the  flow 
of  matter!     How  is  it  that,  in  conducted  heat,  this 
vibration  creeps  slowly  from  one  part  of  the  body  to 
another,  the  paxt  first  heated  remaining  hottest ;  instead 
of  leaving  its  first   place  and  travelling  rapidly  to 
another,  aa  the  vibrations  of  sound  and  light  do )    The 
answer  to   these  questions  baa  been  put  ill  a  veiy 
distinct  and  plausible  form  by  that  distinguished  phi- 
losopher, M.  AmpSro,  who  published  a  Note  on  K 
and   Light   considered    as    the  resuUg  of    Vibrai 
Motion?  in  1834  and  1835;  and  though  this  answt 
is  an  hypothesis,  it  at  least  ^ows  that  there  is  no  iatal 
force  in  the  difficulty. 

J£.  Ampere's  hypothesis  is  tbiaj  that  bodies  consist 
of  solid  molecules,  which  may  be  considered  as  arranged 
at  intervals  in  a  very  rare  ether;  and  that  the  vibra- 
tions of  the  molecules,  causing  vibrations  of  the  ether 
and  caused  by  them,  constitute  heat.  On  these  sup- 
positions, we  should  have  the  phenomena  of  conduction, 
explained;  forifthemoleculesat  oneendof  abarbehot, 
and  therefore  in  a  state  of  vibration,  while  the  others 
are  at  rest,  the  vibrating  molecules  propagate  vibrations 
in  the  ether,  but  these  vibrations  do  not  produce  heat, 
except  in  proportion  as  they  put  the  quiescent  mole- 
cules of  the  bar  in  vibration ;  and  the  ether  being  very 
rare  compared  with  the  molecules,  it  is  only  by  the 
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repeated  impulfies  of  many  snccFssive  yibratioiis  that 
the  nearest  quiescent  molecules  are  made  to  vibrate; 
after  which  they  combine  in  communicating  the  vibra- 
tion to  the  more  remote  moleculea.  'We  then  find 
necessarily,'  M.  Ampere  adds,  '  the  same  equations  as 
those  found  by  Fourier  for  the  distribution  of  heat, 
seating  out  from  the  same  hypothesis,  that  the  tem- 
perature or  heat  transmitted  is  proportional  to  the 
difference  of  the  temperatures.' 

Since  the  undulatory  hypothesis  of  heat  can  thus 
answer  all  obvioua  objections,  we  may  consider  it  as 
upon  its  trial,  to  be  confirmed  or  modified  by  future 
diBCOTeries;  and  especially,  by  an  enlarged  knowledge 
of  the  laws  of  the  polarization  of  heat 

[and  Ed.]  [Since  the  first  edition  was  written,  the 
analogies  between  light  and  heat  have  been  fiirther 
extended,  as  1  have  already  stated.  It  has  been  dis- 
covered by  MM.  Biot  and  Mello  ni  that  quartz  impresBea 
a  circular  polarization  upon  heat;  and  by  Prof.  Forbes 
that  mica,  of  a  certain  thickness,  produces  phenomena 
such  as  would  be  produced  by  tbe  impression  of  circular 
polarimtion  on  the  supposed  transversal  vibrations  of 
radiant  heat;  and  further,  a  rhomb  of  rock-salt,  of  the 
ahape  of  the  glass  rhomb  which  verified  Fresnel's  extra- 
ordinary an^cipation  of  the  circular  polarization  of 
light,  verified  the  expectation,  founded  upon  other 
analogies,  of  the  polarization  of  heat.  By  passing 
polarized  heat  through  various  thicknesses  of  mica. 
Prof  Forbes  has  attempted  to  calcuhite  the  length  of 
an  undulation  for  heat. 

These  analogies  cannot  fail  to  produce  a  strong  dis- 
position tobelieve  that  light  and  heat,  essences  so  closely 
connected  that  they  can  hardly  be  separated,  and  thus 
shown  to  have  so  many  curious  properties  in  common, 
are  propagated  by  the  same  machinery;  and  thus  we 
are  led  to  an  Undulatory  Theory  of  Heat. 

Yet  such  a  Theory  has  not  yet  by  any  means  received 
fiill  confirmation.  It  de{>ends  upon  the  analogy  and 
the  connexion  of  the  Theory  of  Light,  and  would  have 
little  weight  if  those  were  removed.     Foi,  tli«  ae^Kni- 
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tion  of  the  rays  ia  double  refraction,  and  the 
nomena  of  periodical  intenaity,  the  two  Glasses  of 
out  of  which  the  TJEdulatory  Theory  of  Optics  princi- 
pally grew,  have  neither  of  them   been    detected  in 
thermotical  experimeats.     Prof.  Forbes  has  assumed 
altemationH  of  heat  for  increasing  thickni 
but  in  his  experiments  we  find  only  on 
The  occurrence  of  alternate  masinia  and  n 
the  like  circumatancea  would  exhibit  viaible  waves 
heftt,  as  the  fringes  of  shadows  do  of  light,  and  vi 
thus  add  much  to  the  evidence  of  the  theory. 

Even  if  I  conceived  the  TJudulatory  Theory  of  He 
to  be  now  established,  I  should  not  venture,  as  yet, 
describe  its  estabUshment  as  an  event  in  the  history  • 
the  Inductive  Sciences.  It  is  only  at  an  interval 
time  after  such  events  have  taken  place  that  t^eir 
tory  and  character  can  be  fully  understood, 
suggest  lessons  in  the  Philosophy  of  Science.] 

Ahnologieal  Theonet. — Hypotheses  of  the  relatif 
of  heat  and  air  almost  necessarily  involve  a  referenW 
to  the  forces  by  which  the  composition  of  bodies  is 
produced,  and  thus  cannot  properly  be  treated  of  till 
we  have  siirveyed  the  condition  of  chemical  knowledge. 
But  we  may  say  a  few  words  on  one  such  hypothesis; 
I  mean  the  hypothesis  on  the  subject  of  the  atmological 
laws  of  heat,  proposed  by  I^plaee,  in  the  twelfth  B00& 
of  the  Micanique  Celeste,  and  published  in  1823. 
will  bo  recollected  that  the  main  laws  of  phenorai 
for  which  we  have  to  account,  by  means  of  Buch 
hypothesis,  are  the  following: — 

(i.)  The  Law  of  Boyle  and  Maiotte,  that  the 
ticity  of  an  air  varies  as  its  density.     See  Ohap.  iiL 
Sect  I  of  this  Book. 

(a.)  The  Law  of  Gay-Lussac  and  Dalton,  that  ftll 
airs  expand  equally  by  heat.     See  Chap.  ii.  Sect,  i, 

(3^  The  production  of  heat  by  sudden  compreaaion. 
See  Chap.  ii.  Sect.  2. 

{4.)  Dalton's  principle  of  the  mechanical  mixture  of 
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Sect.  ■- 


(5.)  Tbe  Lav)  o^  «x.\>a.'Q&\(ni.  q1  wiVvAiKivi  4u.l<ia  hfB 
heat.     See  Chs.^,  \i.  Sect.  \. 
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(6.)  dtaages  af  nMMstenoe  by  lM*t.  kad  the  doctrine 
of  UteDt  he»l.     See  Ch&jiL  u.  »Mt.  3. 

(7.)  The  Lav  of  the  expansive  fiiroe  of  steun.  Sea 
Chap.  iiL  Sect.  4. 

Besides  these,  there  are  laws  of  which  it  is  doubtfnl 
whether  ihey  are  or  are  not  included  in  the  jtreoeding, 
as  the  low  temperature  of  the  air  in  the  higher  part* 
of  the  atmosphere.     (See  Chap.  iiL  Sect.  5.) 

Laplace'e  hypothesis*  is  this : — th&t  bodies  oon^St  of 
particles,  each  of  which  gathers  round  it,  by  its  attrac- 
tion, a  quantity  of  caloric :  that  the  particles  of  the 
bodies  attract  ^^h  other,  besides  attracting  the  calo- 
ric, and  that  the  particles  of  the  caloric   repel  each 

In  gases,  the  particles  of  the  bodies  arc  so  far 
removed,  that  their  mutual  attraction  ia  itisensible, 
and  the  matter  tends  to  expand  by  the  mutual  re- 
pulsion of  the  caloric.  He  concelveH  this  caloric  to  be 
constautly  radiating  among  the  particles;  the  density 
of  this  internal  radiation  is  the  temperature,  and  bo 
proves  that,  on  this  auppoaition,  the  elasticity  of  the 
air  will  be  as  the  density,  and  as  this  temperatura 
Hence  follow  the  three  first  rules  above  stated.  The 
same  suppositions  lead  to  Dalton's  principle  of  mix- 
tures (4),  though  without  involving  his  mode  of  con- 
ception; for  Laplace  says  that  whatever  the  mutual 
action  of  two  gases  be^  the  whole  pressure  will  be  equal 
to  the  sum  of  the  se^iarato  pressures.'  Kx^iansion  (5), 
and  the  changes  of  consistence  (6),  are  explained  by 
aopposing*  that  in  solids,  the  mutual  attraction  of  the 
particles  of  the  body  is  the  greatest  force  ;  in  liquids, 
the  attraction  of  the  particles  for  the  caloric;  in  aini, 
the  repulsion  of  the  caloric.  But  the  doctrine  of  latent 
heat  t4;ain  modifies^  the  hypothesis,  aod  makca  it 
necessary  to  include  latent  heat  in  the  calculation;  yot 
there  is  not,  as  we  might  hope  there  would  be  if  tho 
theory  were  the  true  one,  any  continuation  of  tho 
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hypotliesia  resulting  from  the  new  class  of  laws  t 
referred  to.  Nor  does  it  appear  that  the  hypoth 
accouDts  for  the  relation  between  the  elasticity  i 
the  temperature  of  steam. 

It  will  be  observed  that  Laplace's  hypothesi 
entirely  upon  the  materiality  of  heat,  and  is 
astent   with   any  vibratory  theory;    for,    as   Ampjj 
remai'lcH,  '  It  is  clear  that  if  we  admit  heat  U>  o 
in  vibrations,  it  is  a  coatradlotion  to  attribute  to  h(i| 
(or  caloric)  a,  repulsive  force  of  the  jiarticleB  i 
would  be  a  cause  of  vibration.' 

An  unfiivoutable  judgment  of  Laplace's  Theory  oi 
Gases  is  su^ested  by  looking  for  that  which,  in  speak- 
ing of  Optica,  was  mentioned  as  the  great  chaj-acteristio 
of  a  true  theory;  namely,  that  the  hypotheses,  whioh 
were  assumed  in  order  to  account  for  one  class  of  iact^ 
are  found  to  explain  another  class  of  a  different  nature: 
— the  consilience  of  inductionB.  Thus,  in  thermotics, 
the  law  of  an  intensity  of  radiation  proportional  to  tho 
sine  of  the  angle  of  the  ray  with  the  surface,  which  ia 
founded  on  direct  experiments  of  radiation,  ia  found  to 
be  necessary  in  order  to  explain  the  tendency  of  neigh- 
touring  bodies  to  equality  of  temperature;  and  thia 
leads  to  the  higher  generalization,  that  heat  ia  radiant 
from  jmints  below  the  surface.  But  in  the  doctrine  ol 
the  relation  of  heat  to  gases,  as  delivered  by  Laplace, 
there  is  none  of  this  unexpected  confirmation;  and 
though  he  explains  some  of  the  leading  laws,  his  aa- 
Humptioas  bear  a  large  proportion  to  the  laws  explained. 
Thus,  from  the  assumption  that  the  repulsion  of  gases  . 
arisen  from  the  mutual  repulsion  of  the  particles  a' 
caloric,  he  finds  that  the  pressure  in  any  gas  ia  as  tf 
square  of  the  density  and  of  the  quantity  of  calor" 
and  from  the  assumption  that  the  temjierature  is 
internal  radiation,  he  finds  that  this  temperature  is  u 
the  density  and  the  square  of  the  caloric*  Hence  he 
obtains  the  law  of  Boyle  and  Mariotte,  and  that  of 
Dalton  and  Gay-Luasac.     But  this  view  of  the  subjed 
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requires  other  asBmnptiona  wlieu  we  come  to  latent 
heat;  and  accordingly,  he  introduces,  to  express  the 
latent  heat,  a  new  quantity.'**  Yet  this  quantity  pro- 
duce 00  effect  on  his  calculations,  nor  does  he  apply 
his  reasoning  to  any  prohlem  in  trhich  latent  heat  is 
concerned. 

Without,  then,  deciding  upnn  this  theory,  wo  may 
ventore  to  say  that  it  is  wanting  in  all  the  prominent 
and  Btrikiiig  characteristics  which  we  have  found  iu. 
those  great  theories  which  we  look  upon  as  clearly  and 
indisputably  established. 

Contdugian. — We  may  observe,  moreover,  that  heat 
has  other  bearings  and  effects,  w^hich,  as  soon  as  they 
have  been  analysed  into  numerical  laws  of  phenomena, 
mast  be  attended  to  in  the  formation  of  thermotical 
theories.  Chemistry  will  probably  supply  many  snchj 
those  which  occur  to  us,  we  must  examine  hereafter. 
But  we  may  mention  as  examples  of  such,  MM.  De  la 
Rive  and  Marcet's  law,  that  the  specific  heat  of  all 
gases  is  the  same;'!  and  MM.  Dulong  and  Petit's  law, 
that  single  atoms  of  all  simple  bodies  have  the  same 
capacity  for  heat.'*  Though  we  have  not  yet  said 
anything  of  the  relation  of  different  gases,  or  explained 
the  meaning  oiaioTm  in  the  chemical  sense,  it  will  easily 
be  conceived  that  these  are  very  general  and  important 
propositions. 

Thus  the  science  of  Thermotics,  imperfect  as  it  is, 
forms  a  highly-instructive  part  of  our  survey;  and  is 
one  of  the  cardinal  points  on  which  the  doors  of  those 
chambers  of  physical  knowledge  must  turn  which 
hitherto  have  remained  closed.  For,  on  the  one  hand, 
this  science  is  related  by  strong  analogies  and  depen- 
dencies to  the  most  complete  portions  of  our  know- 
ledge, our  mechanical  doctrines  and  optical  theories; 
and  on  the  other,  it  is  connected  with  properties 
and  laws  of  a  nature  altogether  different, — those  of 
'lemiirtay;  properties  and  laws  depending  upon  a  new 
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system  of  notdons  and  relations,  among  wldch  clear  and 
substantial  general  principles  are  far  more  difficult  to 
lay  hold  of,  and  with  which  the  future  progress  of 
human  knowledge  appears  to  be  iax  more  concerned. 
To  these  notions  and  relations  we  must  now  proceed; 
but  we  shall  find  an  intermediate  stage,  in  certain 
subjects  which  I  shall  call  the  Mechamico-chemical 
Sciences;  yIzl,  those  which  have  to  do  with  Magnetism, 
Electricity,  and  Galvanism. 
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Siywfieance  of  Analytical  Meelianics. 


IN  the  text,  p.  84,  I  have  stated  that  Lagrange,  near 
the  eud  of  his  life,  expi'essed  his  sorrow  that  the 
methods  of  approximation  employed  in  Physical  Aa- 
tronomy  rested  on  arbitrary  processes,  and  not  on  any 
insight  into  the  results  of  mechanical  action.  From 
the  recent  biography  of  Gaiisa,  the  greatest  physical 
ina.theinatician  of  modem  times,  we  learn  that  he  con- 
gratalatad  himHelf  on  having  escaped  tliis  errour.  He 
remarked'  that  many  of  the  most  celebrated  mathe- 
maticians,  Euler  very  often,  Lagrange  sometimes,  had 
trusted  too  much  to  the  symbolical  calculation  of  their 
problems,  and  would  not  hare  been  able  to  give  an 
account  of  the  meaning  of  each  successive  step  of  their 
investigation.  He  said  that  he  himaeH  on  the  other 
hand,  could  assert  that  at  every  step  which  he  took,  he 
always  had  the  aim  and  purpose  of  his  operations 
before  his  eyes  without  ever  turning  aside  from  the 
way.  The  same,  he  remarked,  might  be  said  of 
Newton. 

EngiTiemng  Mechamea. 

The  principles  of  the  science  of  Mechanics  were  dis- 
coyered  by  observations  made  upon  bodies  within  the 
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reach  of  men ;  aa  we  have  seen  in  speaking  of  the  dia- 
ries of  Stevinus,  Galileo,  and  others,  up  to  tha 
time  of  Hewton.  And  when  there  aroee  the  oontro- 
Teray  about  vis  viva  (Chap.  t.  Sect.  2  of  this  Book); — 
namely,  whether  the  '  living  force'  of  a  body  is  mea- 
sured by  the  product  of  the  weight  into  the  velocdty, 
or  of  the  weight  into  the  square  of  the  velocity; — 
still  the  eramples  taken  were  cases  of  action  in 
machinea  and  the  like  terrestriBl  objects.  But  Newtoc'a 
discoveries  identified  celestial  with  terrestrial  1 
chanics;  and  from  that  time  the  mechanical  problema 
of  the  heavens  became  more  important  and  attractiva 
to  mathematicians  than  the  problems  about  earUily 
machines.  And  thus  the  generalizations  of  IM 
problems,  principles,  and  methods,  of  the  mathematical 
science  of  Mechanics  from  this  period  are  principally', 
those  which  have  reference  to  the  motionB  (  " 
heavenly  bodies :  such  as  the  Problem  of  Three  Bodie^l 
the  Principles  of  the  Conservation  of  Areas,  and  of  die 
Imnioveahle  Plane,  the  Method  of  Variation  of  Para* 
meters,  and  the  like  (Chaj).  vi  Sect.  7  and  14).  And' 
the  same  ia  the  case  in  the  more  recent  progress  of 
that  Bubject,  in  the  hands  of  Gauss,  Eessel,  Hansen^ 
and  others. 

But  yet  the  science  of  Mechanics  as  applied  tt 
terrestrial  machines, — Indtialrial  Medianiea,  as  it  hu 
been  termed, — has  made  some  steps  which  it  may  b( 
worth  whUe  to  notice,  even  in  a  general  history  01 
science.  For  the  moat  part,  all  the  most  general  lawi 
of  mechanical  action  being  already  finally  established 
in  the  way  which  we  have  had  to  narrate,  the  determi- 
nation of  the  results  and  conditions  of  any  combination 
of  materials  and  movements  becomes  really  a 
matical  deduction  from  known  principles.  But  aacfa 
deductions  may  be  made  much  more  easy  and  mucli 
more  luminous  by  the  establishment  of  general  tern 
and  general  propositions  suited  to  their  special  condi' 
tions.  Among  these  I  may  mention  a  new  abatraot 
term,  introduced  because  a  general  mechanical  principls 
.  can  be  expressed  by  means  of  it,  which  has  lately  b 
^Jnuch  employed  by  the  mathematical  engineers  < 
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France,  MM.  Poneelet,  Navier,  Morin,  ic.  The 
abstract  term  is  Travail,  which  has  been  translated 
Labouring  Force;  and  the  principle  which  giveB  it  ite 
value,  and  makes  it  useful  in  the  solution  of  problems, 
ifl  this; — that  the  wort  done  (in.  overcoming  resistance 
or  producing  any  other  effect)  is  equal  to  the  Labour- 
ing Force,  by  whatever  contrivancea  the  force  be 
applied.  This  b  not  a  new  principle,  being  in  feet 
mathematically  equivalent  to  the  conservation  of  Via 
Viva;  but  it  has  been  employed  by  the  mathematicians 
of  whom  I  have  spoken  with  a  fertility  and  simplicity 
vhich  make  it  the  mark  of  a  new  school  cf  Th4 
Mechanics  0/  Fngineering. 

The  Labouring  Force  expended  and  the  work  done 
have  been  described  by  various  terms,  aa  Theoretical 
Effea  and  Fraelical  Effect,  and  the  like.  The  usual 
term  among  English  engineers  for  the  'work  which  an 
Engine  usually  does,  ia  Dvfy:  but  as  this  word  natu- 
rally signifies  what  the  engine  omjhi  to  do,  rather  than 
what  it  does,  we  should  at  least  distinguish  between 
the  Theoretical  and  the  Actual  Duty. 

The  difference  between  the  Theoretical  and  Actual 
Duty  of  a  Machine  arises  from  this :  that  a  portion  of 
the  Labouring  Force  ia  absorbed  in  producing  effects, 
that  is,  in  doing  work,  which  ia  not  reckoned  as  Duty : 
for  instance,  overcoming  the  resistance  and  waste  of  the 
machine  itself.  And  so  long  as  this  resistance  and 
waste  are  not  rightly  estimated,  no  correspondence  can. 
be  established  between  the  theoretical  and  the  practical 
Duty.  Though  much  had  been  written  previously 
upon  the  theory  of  the  steam  engine,  the  correspon- 
dence between  the  Force  expended  and  the  Work  done 
was  not  clearly  made  out  till  Comte  De  Pambour 
published  his  Treatise  on  Locomotive  Engines  in  1835, 
and  his  Tkeiiry  oftlte  Steam  Engine  in  1839. 

Strength  0/ Materials. 

Among  the  subjects  which  have  eapecially  engaged 
the  attention  of  those  who  have  apjiUed  tte  RcVeiiie  oV  . 

Mechanics   to  practical   matters,  ia  the   &tiftiig)Jii  o^  ' 
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materials:  for  example,  the  strengtli  of  a  horizontal 
beam  to  resist  being  broken  by  a.  weight  pressing  upon 
it.  This  was  oae  of  the  problems  'which  Galileo  took 
up.  He  woB  led  to  his  Btudy  of  it  bj  a  vi^t  which  he 
made  to  the  arseDsI  and  dockyards  of  Venice,  and  the 
oonolueionB  which  he  drew  were  published  in  his 
JHaloguea,  in  1633.  In  hia  mode  of  regarding  the 
proldeiu,  he  considers  the  seotion  at  which  the  beam 
breaks  as  the  short  arm  of  a  bent  lever  which  resists 
fracture,  and  the  part  of  the  beam  which  is  broken  off 
as  the  longer  arm  of  the  lever,  the  lever  turning  about 
the  fracture  as  a  hinge.  So  hx  this  is  true ;  and  from 
this  principle  he  obtaiued  results  which  are  also  true; 
BB,  that  the  strength  of  a  rectangular  beam  is  propoi> 
tional  to  the  breadth  multiplied  into  the  square  of  the 
depth: — that  a  hollow  beam  is  stronger  than  a  solid 
beam  of  the  same  mass ;  and  the  lika 

But  he  erred  in  this,  that  he  supposed  the  hinge 
about  which  the  breaking  beam  turns,  to  be  exactly  at 
the  unrent  surface,  that  surface  resisting  all  change, 
and  the  beam  being  rent  all  the  way  across.  Whereas 
the  &ct  is,  that  the  unreut  aur&oe  yields  to  compres- 
sion, while  the  opposite  surface  is  rent ;  and  the  hinge 
about  which  the  bi-eakiug  beam  turuB  is  at  an  inter- 
mediate point,  where  the  extension  and  rupture  end, 
and  the  compression  and  cnishing  begin :  a  point 
which  has  been  called  the  neuiral  axis.  This  was 
pointed  out  by  Mariotte ;  and  the  notion,  once  sug- 
gested, was  so  manifestly  true  that  it  was  adopted  by 
mathematicians  in  general.  James fieruoulli,'  in  1705, 
inreatigated  the  strength  of  beams  on  this  view;  and 
several  eminent  mathematicians  pursued  the  subject; 
as  Vorignon,  Parent,  and  Butfinger;  and  at  a  later 
period,  Dr.  Eobiaon  in  our  own  country. 

But  along  with  the  fracture  of  beams,  the  mathema- 
ticians considered  also  another  subject,  the  flexure  of 
beams,  which  they  undergo  before  they  break,  in 
virtue  of  tlieir  elasticity.  What  is  the  ela&tic  cwvel 
— the  curve  into  which  an  elastic  Line  forms  itaelf  under 
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the  preasui'e  of  «  weight, — is  a  problem  whicli  had  been 
proposed  by  Galileo, and  was  fully  solved,  as  a  matho- 
matical  problem,  by  Euler  and  otheca. 

But  beams  in  practice  are  not  mere  lines ;  they  are 
solids.  And  their  resistance  to  flexure,  and  the 
amount  of  it,  depends  upon  tlie  resistance  of  their 
internal  parts  to  extension  and  coiiii>re9aion,  and  is 
different  for  different  substances.  To  measure  these 
differences,  Dr.  Thomas  Young  introduced  the  notion 
of  the  Modulus  of  £laitietti/ :  ^  meaning  thereby  a 
column  of  the  faibstance  of  the  same  diameter,  such  an 
would  by  its  weight  produce  a  compression  equal  to 
the  whole  length  of  the  beam,  tlie  rate  of  compression 
being  supposed  to  continue  the  same  throughout. 
Thus  if  a  rod  of  any  kind,  100  inches  long,  were  com- 
pressed I  inch  by  a  weight  of  1000  pounda,  the  weight 
of  its  modulus  of  elasticity  would  be  100,000  pounds. 
This  notion  assumes  Hooke's  law  tliat  the  extension 
of  a  substance  is  as  its  tension ;  and  exten<k  this  law 
to  compression  also. 

There  is  this  great  advantage  in  introducing  the 
definition  of  the  Modulus  of  Elasticity, — that  it  applies 
equally  to  the  fl.exureof  a  substance  and  to  the  minute 
vibrations  which  propagate  sound,  and  the  like.  And 
the  notion  was  applied  so  as  to  lead  to  curious  and 
important  results  with  regard  to  the  power  of  beams 
to  resist  flexure,  not  only  when  loaded  transversely, 
but  when  pressed  in  the  direction  of  their  length,  and 
in  any  oblique  direction. 

But  in  the  fracture  of  beams,  the  resistance  to 
extension  and  to  compression  are  not  practically 
equal :  and  it  was  necessary  to  determine  the  difference 
of  these  two  forces  by  experiments.  Several  persona 
pursued  researches  on  ttiis  subject;  especially  Mr. 
Barlow,  of  the  Koyal  Military  Academy,*  who  inveati- 

5  Lecture  xiii.     TTie  blight  of  milee,  mid  for  eteel  nearly  1500 
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gated  the  subject  -with  great  labour  and  skill,  so  far  M 
wood  is  concerned.  But  the  difference  between  the 
resistance  to  tension  and  to  compression  requires  more 
special  study  iu  the  case  of  iroo;  and  has  been  especially 
attended  to  in  recent  times,  in  conseqnenoe  of  the  vast 
increase  in  the  nnmbor  of  iron  structures,  and  in  par- 
ticular, railways.  It  appears  that  wrought  iron  yields  to 
oompresBiTe  somewhat  more  easily  than  to  tensile  force, 
while  cast  iron  yields  for  more  easily  to  tensile  than  to 
coropresBtve  strains.  InaUcases  the  power  of  abeam  to 
resist  fracture  resides  mainly  in  the  upper  and  the  under 
side,  for  there  the  tenacity  of  the  materia,!  acta  at  the 
greatest  leverage  round  the  hinge  of  fracture.  Hence 
the  practice  was  introduced  of  making  iron  beams 
with  a  broad  flange  at  the  upper  and  another  flange 
at  the  under  side,  connected  by  a  vertical  plate  or  uwi, 
of  which  the  office  was  tokeep  the  two  flanges  asunder. 
Mr.  Hodgkinson  made  many  valuable  experiments  on' 
a  lai'ge  scale,  to  determine  the  forms  and  properties  of  i 
such  beams. 

But  though  engineers  were,  by  such  experiments 
and  reasonings,  enabled  to  calculate  the  strength  of  a 
given  iron  beam,  and  the  dimensions  of  a  beam  which 
should  bear  a  given  load,  it  would  hardly  have  occurred 
to  the  boldest  specidator  a  few  years  ago,  to  predict 
that  there  might  be  constructed  beams  nearly  500  feet 
long,  resting  merely  on  their  two  extremities,  of  which 
it  could  be  known  beforehand,  that  they  would  sus- 
tain, without  bending  or  yielding  in  any  perceptible 
degree,  the  weight  of  a  railroad  train,  and  the  jar 
of  its  unchecked  motion.  Tet  of  such  beams,  con- 
structed beforehand  with  the  most  perfect  confidence 
crowned  with  the  most  complete  success,  is  conM 
posed  the  great  tubular  bridge  which  that  consummate 
engineer,  Mr.  Robert  Stephenson,  has  thrown,  aeroM 
the  Menai  Strait,  joining  Wales  with  the  Islandi 
of  Anglesey.  The  upper  and  imder  surfaces  of  thiw 
quadrangular  tube  are  the  flanges  of  the  beam,  and  thea 
two  sides  are  the  webs  which  connect  them.  In.! 
planning  this  wonierfoi.  ti\,twAw.te,  tke  ^oint  whicb^ 
I  required  eapeciai  ewe  -waa  te  ta'iiJte,  ■Oa^  -o^j^et  siAertij 
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strong  enoTigli  to  remat  the  eompresaive  force  which  it 
has  to  sustain;  aud  this  was  done  by  constructing  the 
upper  part  of  the  beam  of  &  series  of  cells,  made 
of  iron  plate.  The  application  of  the  arch,  of  the 
dome,  and  of  groined  vaulting,  to  the  widest  apace 
over  which  they  have  ever  been  thrown,  are  achieve- 
ments which  have,  in  the  ages  in  which  they  occurred, 
been  received  with  great  admiration  and  applause ;  but 
in.  those  oases  the  principle  of  the  structure  had  been 
tried  and  verified  for  ages  upoa  a  smaller  scale.  Here 
not  only  was  the  space  thus  spanned  wider  than  any 
ever  spanned  before,  but  the  principle  of  such  a  beam, 
■with  a  cellular  structure  of  its  parts,  was  invented  for 
this  very  purpose,  exporiinentally  verified  with  care, 
and  applied  with  the  most  exact  calculation  of  its 


Roo/a — Arc/ics —  VautU. 

The  calculation  of  the  mechanical  conditions  of  struc- 
tures consisting  of  several  beams,  as  for  instance,  the 
frames  of  roofs,  depends  upon  elementary  principles  of 
mechanics;  and  was  a  subject  of  investigation  at  an 
early  period  of  the  Bcience.  Such  frames  may  be 
regarded  as  assemblages  of  levers.  The  parts  of 
which  they  consist  are  rigid  beams  which  sustain  and 
convey  force,  and  Ties  which  reeist  such  force  by  their 
tension.  The  former  parts  must  be  made  rigid  in  the 
way  just  spoken  of  with  regard  to  iron  beams;  but 
ties  may  be  rods  merely.  The  wide  structures  of  many 
of  the  roofs  of  railway  stations,  compared  with  the 
massive  wooden  looh  of  ancieot  buildings,  may  show 
ns  how  boldly  aud  how  successfully  this  distinction 
has  been  carried  out  in  modem  times.  The  investiga- 
tion of  the  conditions  and  strength  of  structures 
consisting  of  wooden  beams  has  been  cultivated  by 
Mathematicians  and  Engineers,  and  is  often  entitled 
Carpentry  in  our  Mechanical  Treatises.  In  our  own 
time.  Dr.  Robison  and  Dr.  Thomas  Young  have  been 
two  of  the  most  eminent  mathematiciaBS  ■wVo  'Va.vtt 
jfritteu  upon  this  subject. 


^(5  ADDITION'S. 

The  properties  of  the  eimple  maohioes  have  b( 
knowDj  as  we  have  narrated,  from,  the  time  of  I 
Ancient  Greeks.     But  it  ia  plain  that  «ncU  miichii 
are  preveuteil  from  producing  their  fiill  effect  by  vari( 
causes.     Among  the  rest,  the  nibbing  of  one  i)art 
the  machiue  upon  another  produces  an  obstacle  to  t' 
effectiveness  of  a  machine :  for  instance,  the  I'ubbi 
of  the  axle  of  a  wheel  in  the  hole  in  which  it 
the  mbhing  of  a.  acrew  againat  the  sides  of  its  h 
screw;  the  rubbing  of  a  wedge  ag^nst  the  sidea  of 
notch;  the  rubbing  of  a  cord  againat  its  pullef. 
all  these  cases,  the  effect  of  the  machine  to  prodi 
motion  is  diminished  by  the  friction.  And  this  Frielion 
may  be  measured  and  its  effects  calculated ;  and  thns 
we  have  a  new  branch  of  mechanics,  which  has  been 
much  cultivated. 

Among  the  effects  of  friction,  we  may  notice  the  stand- 
ing of  a  stone  arch.  For  each  of  the  vaulting  stones  of 
an  arch  is  a  truncated  wedge ;  and  though  a  collectinn. 
of  such  atones  might  be  so  proportioned  in  their  weights 
as  to  balance  exactly,  yet  this  balance  would  be  a 
tottering  equilibrium,  which  the  slighteat  shock  would 
throw  down,  and  which  would  not  practically  subsist 
But  the  friction  of  the  vaulting  stones  t^&iust  one 
another  prevents  this  instability  from  being  a  practical 
inconvenience;  and  makes  an  equilibrated  arch  to  be 
an  arch  strong  for  practical  purposes.  The  Theory  of 
Arches  is  a  portion  of  Mechanics  which  has  been  madi 
cultivated,  and  which  has  led  to  condusious  of  practicsl 
use,  as  well  as  of  theoretical  beauty. 

1  have  already  spoken  of  the  invention  of  the  Arch, 
the  Dome,  and  Groined  Vaulting,  as  marked  steps  ia 
building.  In  all  these  cases  the  invention  woe  devised 
by  practical  builders;  and  mechanical  theory,  though 
it  can  afterwards  justify  these  stmctures,  did  not 
originally  suggest  them,  They  are  not  part  of  the 
result,  nor  even  of  the  application  of  theory,  but  only 
of  its  exemplification.  The  authors  of  all  these  in- 
Tentions  are  unknown;  and  the  inventions  themselnt 
may  be  regarded  as  a  part  of  the  Prelude  of 
science  of  mechanics,  because  they  indicate  that 


lelnt  J 
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ideas  of  raechaoica]  pressure  and  snpport,  in  various 
forms,  are  ac<|utring  cleamesa  and  fixhj. 

In  this  point  of  view,  I  apoke  (Book  iv.  chap.  v. 
aect  5)  of  the  Architecture  of  the  Middle  Ages  aa 
indicating  a  progresa  of  thought  which  led  men  towards 
the  formation  of  Statics  as  a  science. 

As  particutu*  instances  of  the  operation  of  sncb  ideas, 
we  have  the  Flying  Battrette*  which  snpport  stone 
vaults;  and  espec-ially,  as  already  noted,  the  Tarioua 
contrivances  by  which  stone  vaults  are  made  to 
intersect  one  another,  so  as  to  cover  a  complex 
pillared  space  below  with  Groifted  VauUijig.  This 
invention,  executed  as  it  was  by  the  builders  of  the 
twelfth  and  succeedinj;  centuries,  is  the  most  remark- 
able advance  in  the  mechanics  of  building,  after  the 
invention  of  the  JrcA  itself. 

It  is  curious  that  it  has  been  the  fortune  of  our 
times,  among  its  many  inventions,  to  have  prodoced 
one  in  this  department,  of  which  we  may  say  that  it 
ia  the  most  remarkable  step  ia  the  mechanics  of  arches 
which  has  been  made  dmce  the  introduction  of  pointed 
groined  vaults.  I  speak  of  what  are  called  >SjteioJre/iM, 
in  which  the  courses  of  stone  or  brick  of  which  the 
bridge  is  built  run  obliquely  to  the  walls  of  the  bridge. 
Such  bridges  have  become  very  common  in  the  works 
of  nulroads;  for  they  save  space  and  material,  and  the 
invention  once  made,  the  cost  of  the  ingenuity  is 
nothing.  Of  course,  the  mechanical  principles  involved 
in  such  structures  are  obvions  to  the  mathematician, 
■when  the  problem  has  been  practically  solved.  And 
in  this  case,  as  in  the  previous  cardinal  inventions  in 
structure,  though  the  event  has  taken  place  within  a 
few  years,  no  single  person,  so  &r  as  I  am  aware,  can 
be  named  as  the  inventor.' 


been  referred  Is  Rt(*'>  CycJopiHllii,  tlut  theflntire 

JiMeltQbO/pit  Arelir4. -what  ai\t  otrXfA   in    i/g' 

InTeotion  i>  correcUj  eiplAiaH].  KildAre  In  Inlu 
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CHAPTER  I. 

Prbludk  to  Newtoh. 


EXPRISSIOKS 
interpreted  as 
in  the  Newtonian  si 
notion,  we  may  be  s 


TJie  Ancients. 

ancient  writers  which  may  I 


indicating  a  notion  of  gravitatil 
inse,  no  doubt  occur.  But  sudi 
lire,  must  have  been  in  the  highest 
degree  obscure,  wavering,  and  partiaL  I  have  men- 
tioned (Book  I,  Chap.  3)  an  author  who  has  fencied 
that  he  traces  in  the  works  of  the  ancients  the  origin 
of  moat  of  the  vaunted  discoveries  of  the  moderus. 
But  to  ascribe  much  importance  to  such  expresMons 
■would  be  to  give  a  false  representation  of  the  real 
progress  of  science.  Yet  some  of  Newton's  followers 
put  forward  these  passages  as  well  deserving  notice; 
and  Newton  himself  appears  to  have  had  some  pleasure 
in  citing  such  expressiona ;  probably  with  the  feeling 
that  they  relieved  him  of  some  of  the  odium  which,  he 
Beems  to  have  apprehended,  hung  over  new  discoveries. 
The  Prefece  to  the  Principia,  begins  by  quoting*  the 
authority  of  the  ancients,  as  well  as  the  modern^ ' 
favour  of  applying  the  science  of  Mechanics  to  Nat 
Philosophy,    ia  the  Preface  to  David  Gregory's  Ai 


itaefl 


'  Cum  releres  iteckaniaaa  (uti 
author  eat  Pappus^)  in  renim  Ko- 
tnralinm  invfAtlgalione   raaxlinl 

formiB    BubstaatJBlibiu   «t  qaiill- 
t&tibUB  OCCbI^,  EheaDmena  Ni- 
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!  ef  Geometricm  Ulementa,  publiaLed  in 
8  a  large  array  of  namea  of  ancient  anthora,  and 
of  quotations,  to  prove  the  early  and  wide  diflnaion  of 
the  doctrine  of  the  gravity  of  the  Heavenly  Bodies. 
And  it  appears  to  be  now  made  out,  that  this  collec- 
tion, of  ancient  authoriticB  was  supplied  to  Gregory  by 
Kewton  himself  The  late  Professor  Bigaud,  in  hia 
Eietorical  Esiay  on  t/ie  First  J'ltblication  of  Sir  Itaae 
Jfewton's  Principia,  says  (pp.  80  and  lOi)  that  having 
been  allowed  to  examine  Gregory's  papers,  he  found 
thitt  the  quotations  given  by  him  in  his  Pre&ce  are 
copied  or  abridged  from  notes  which  Newton  had 
supplied  to  him  in  his  own  handwriting.  Some  of  the 
most  noticeable  of  the  quotations  are  those  taken  from 
Plutarch's  Dialogue  on  lite  Face  which  appears  in  the 
Moon'a  JKak  :  it  is  there  said,  for  example,  by  one  of 
the  speakers,  that  the  Moon  is  perhaps  prevented  from 
felling  to  the  earth  by  the  rapidity  of  her  revolution 
round  it;  as  a  stone  whirled  in  a  sling  keeps  it 
stretched.  Lucretius  also  is  quoted,  as  teaching  that 
all  bodies  would  descend  with  an  equal  celerity  in  a 


It  is  asserted  in  Gregory's  Preface  that  Pythagoras 
"was  not  unacquainted  with  the  important  law  of 
gravity,  the  inverse  squares  of  the  distances  from  the 
centre.  For,  it  is  argued,  the  seven  strings  of  Apollo's 
lyre  mean  the  seven  planets  ;  and  the  proportions  of 
the  notes  of  strings  are  reciprocally  as  the  inverse 
squares  of  the  weights  which  stretch  them. 

I  have  attempted,  throughout  this  work,  to  trace 
the  progress  of  the  discovery  of  the  great  truths  which 
constitute  real  science,  in  a  more  precise  manner  than 
that  which  these  interpretations  of  ancient  authors 
exemplifr. 


ADDITIOSa. 


JeremiaJt  Horrox. 

In  deBcribing  the  Prelude  to  tlie  Epocli  of  Ne' 
I  have  spoken  (p.  153)  of  a  group  of  philoaophe 
England  who  began,  in  first  half  of  the  seventeenth  ■ 
century,  to  knock  at  the  door  where  Truth  was  to  b* 
found,  although  it  wafl  left  for  Kewton  to  force  it 
open ;  and  I  hjnive  there  noticed  the  influence  of  the 
civil  warB  on  the  progreea  of  philoaophical  studies.  To 
the  persons  thus  tending  towards  the  true  phyaioal 
theory  of  the  solar  Hystem,  I  ought  to  have  added 
Jeremy  Horrox,  whom  I  have  mentioned  in  a  former 
part  (Book  v,  chap.  5)  as  one  of  the  earliest  admirers 
of  Kepler's  discoveries.  He  died  at  the  early  age  of 
twenty-two,  having  been  the  first  person  who  ever 
saw  Venus  paas  across  the  disk  of  the  Sun  according 
to  astronomical  prediction,  which  took  place  inn63Q, 
HJR  Venus  in  sole  visa,  in  which  this  is  described,  did 
not  appear  till  1661,  when  it  was  published  by  Heve- 
liua  of  Dantzic.  Some  of  his  papers  were  destroyed 
by  the  aoldiera  in  the  English  civil  wars;  and  his 
remaining  works  were  finally  published  by  Wallia,  in 
1673.  The  passage  to  which  I  here  especially  wish  to 
refer  ia  contused  in  a  letter  to  his  astronomical  ally, 
William  Crabtree,  dated  1638.  He  appeare  to  havi 
been  asked  by  his  Mend  to  surest  some  cause  for  tht 
motion  of  the  aphelion,  of  a  planet ;  and  in  reply,  bq' 
uses  an  experimental  illustration  wliich  was  afterwanbi 
employed  by  Hooke  in  1666.  A  ball  at  the  end  of  a 
string  ia  made  to  swing  eo  that  it  describes  an  ovaL 
This  contrivance  Hooke  employed  to  show  the  way  in 
which  an  orbit  results  from  the  combination  of  a  pro- 
jectile motion  with  a  central  force.  But  the  oval  doea 
not  keep  its  axis  constajitiy  in  the  same  position.  The 
apsides,  as  Horrox  remarked,  move  in  the  same  direc- 
tion as  the  pendulum,  tLough  much  slower.  And  it  ii 
true,  that  this  experiment  doea  illustrate,  in  a  general 
way,  tjie  cause  of  the  motion  of  the  aphelia  of  the 
Planetary  Orbita;  although  the  form  of  the  orbit  is 
different  in  tha  expcrinvevit  and  in  the  solar  systemjj 
ang  an  elliviBe  "witV.  fto  nftiAee  «il  fcrtc^\si" 
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of  the  ellipse,  in  the  former  case,  and  an  ellipse  with 
the  center  of  force  in  the  focuB,  in  the  latter  caae. 
T'hese  two  forma  of  orbits  correspond  to  a  central  force 
varying  dii-ectly  as  the  distance,  and  a  central  force 
varying  inversely  aa  the  square  of  the  distance;  as 
Newton  proved  in  the  Principia.  But  the  illuatration 
appears  to  show  that  Korrox  pretty  clearly  saw  how 
an  orbit  arose  irom  a  central  force.  So  far,  and  no 
iarther,  Kewton's  contemporaries  could  get;  and  then 
he  had  to  help  them  onwards  by  showing  what  was 
the  law  of  the  force,  and  what  larger  truths  were  now 


JVea>torCs  Ditcavery  of  GravUcUuin. 

[Page  121.]  As  I  have  already  remarked,  men  have 
«  willingness  to  believe  that  great  discoveries  are  go- 
verned by  casual  coincidences,  and  accompanied  by 
Budden  revolutions  of  feeling.  Newton  had  enter- 
tained the  thought  of  the  moon  being  retained  in  Iter 
orbit  by  gravitation  as  early  as  1665  or  1666.  He 
resumed  the  subject  and  worked  the  thought  out  into 
a  system  in  1684  and  5,  What  induced  him  to  return 
to  the  question!  What  led  to  his  success  on  this  last 
occasion]  With  what  feelings  was  the  successattendedl 
It  is  easy  to  make  an  imaginary  connexion  of  &cts. 
*  His  optical  discoveries  had  recommended  him  to  the 
Royal  Society,  and  he  was  noiv  a  member.  He  Uiere 
learned  the  accurate  measurement  of  the  Earth  by 
Picard,  dilferiug  very  much  &om  the  estimation  by 
which  he  had  made  his  calcuEation  in  16(16;  and  he 
thought  his  conjecture  now  more  likely  to  be  just'* 
M.  Eiot  gives  his  assent  to  this  guess.^  The  English 
translation  of  M.  Biot's  biography*  converts  the  guess 
into  an  assertion.  But,  says  Protessor  Eigaud,*  Picard'a 
measurement  of  the  I^rth  was  well  known  to  the 
Tellowa  of  the  Eoyal  Society  as  early  as  1675,  there 
being  an  account  of  the  results  of  it  given  in  the 

*  Boblion'a  Mechanicai  Pldloao-       <  LSbrary  0}  Utffiii  KimelfSst. 
phy,  vol.  Hi.  p.  »+.     (Art.  i9i.)  *   Historlcnl   Kason  on  tlub  ¥Vr?\ 

IVblicolloTL  iif  Die  trtat^pla  Vv'A)^'^- 
G03 
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Fhilosophical  Traneactiong  for  that  year.  MoreovaM 
Horwood,  in  his  SeaTnans  Practice,  dated  1636,  had 
given  a  much  more  exact  meaaure  than  Newton  em- 
ployed in  t666.  But  Norwood,  Bays  Voltaire,  had 
been  buried  in  oblivion  by  the  civil  wara.  No,  again 
saya  the  esact  and  truth-loving  Professor  Kigaud, 
Norwood  was  in  communication  with  the  Koyal  So- 
ciety in  1667  and  1668.  So  these  guesses  at  the  acci- 
dent trhichmade  the  apple  of  1665  germinate  in  1684, 
are  to  he  cai-efully  distinguished  from  hisrtory. 

But  with  what  feelings  did  Newton  attain  to  his 
Bueceasi  Here  again  we  have,  1  fear,  nothing  better 
than  conjectui'e.  '  He  went  home,  took  out  his  old 
papers,  and  resumed  his  calculations.  As  they  drew 
□ear  to  a  close,  he  was  so  much  agitated  that  he  was 
obliged  to  desire  a  friend  to  finish  them.  His  former 
conjecture  was  now  found  to  agree  with  the  phteno- 
mena  with  the  utmost  precision.'*  This  conjectural 
story  has  been  called  '  a  tradition  ;'  but  he  who  relates 
it  does  not  call  it  so.  Every  one  must  decide,  says 
Professor  Kigaud,  from  his  view  of  Newton's  character, 
how  far  he  thinks  it  consistent  with  this  statement. 
Is  it  likely  that  Newton,  so  calm  and  so  indifferent  to 
fame  as  he  generally  showed  himself,  should  be  thus 
agitated  on  such  au  occasion !  'No,'  says  Sii-  David 
Brewster;  'it  is  not  supported  by  what  we  know  of 
Newton's  character.''  To  this  we  may  assent;  and 
this  conjectural  incident  we  must  therefore,  I  conceive, 
separate  fram  history.  I  had  incautiously  admitted  it 
into  the  text  of  the  first  Exlition. 

Newton  appears  to  have  discovered  the  method  of 
demonstrating  that  a  body  might  describe  an  ellijBe 
when  acted  upon  by  a  force  residing  in  the  focus,  anil 
varying  inversely  as  the  square  of  the  distance,  ia^ 
1 66<),  upon  occasion  of  his  correspondence  with  Hodc^H 
In  1684,  at  Bailey's  request,  he  returned  to  the  mibjeofiH 
and  in  February,  1685,  there  was  inserted  in  the  K^mH 
ter  of  the  Royal  Society  a  paper  of  Newton'a  (/«(HM^| 
Jfewtoni  Fropositionet  de  Motu),  which  contained  soq^l 
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of  the  principal  propositions  of  the  first  two  Books  of 
the  PriTicipia.  This  paper,  however,  does  not  contain 
the  proposition  '  Luniim  gravitare  in  Terram,'  nor  any 
of  the  propositions  of  the  Third  Book. 


^ 


CHAPTEE  IIL 
The  Pkincipia. 


Sect.  2. — Reception  of  the  Frlninpia. 


LORD  BROUGHAM  has  very  recently  {Analylleal 
View  of  Sir  Imac  J^ewtong  Principia,  1855)  shown 
ft  strong  disposition  still  to  maintain,  what  he  says  has 
fi-eqiiently  been  alleged,  that  the  reception  of  the  work 
was  not,  even  in  this  country,  'such  as  might  have  been 
expected.'  He  says,  in  explanation  of  the  facts  which 
I  have  adduced,  showing  the  high  estimation  in  which 
Newton  was  held  immediately  after  the  publication  of 
the  Principia,  that  Newton's  previous  fame  was  great 
by  former  discoveries.  This  is  true ;  but  the  effect  of 
this  was  precisely  what  was  most  honourable  to 
Newton's  countrymen,  that  they  received  with  imme- 
diate acclamations  this  new  and  greater  discovery. 
Lord  Brougham  adds,  'after  its  appearance  the /"j^ncynff 
■was  more  admired  than  studied;'  which  ia  probably 
tme  of  the  Principia  still,  and  of  all  great  works 
of  like  novelty  and  difficulty  at  all  times.  But,  says 
Lord  Brougham, '  there  is  no  getting  over  the  inference 
on  this  head  which  arises  from  the  dates  of  the  two 
first  editions.  There  elapsed  an  interval  of  no  less 
than  twenty-seven  years  between  them ;  and  although 
Cotea  [in  his  Preface]  speake  of  the  copies  having 
become  scarce  atid  in  very  great  demand  when  the 
aeoond  edition  appeared  in  17  13,  yet  had  this  urgent 
demand  been  of  many  years'  continuance,  the  reprint- 
ing could  never  have  been  so  long  Ae\a,yei.'  ^\\t\j«\ 
.Bfou^ianim^htiavelearat  from  Sir 'D3iVi4'Bxe'«^'^K^* 
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Life  of  Newton  {vol.  i.,  p.  312),  which  he  extols 

phatically,  that  already  in  1691,  (only  four  yeara  after 

the  publication,)  a  copy  of  the  Prindpia  could  hardly 

be  procwred,  and  that  even  at  that  time  an  improved 

editioB  was  Jn  coutempIatioB ;  that  14'ewton  had  been 

pressed  by  his  friends  to  nudertake  it,  and  had  revised. 

When  Bentley  had  induced  Newton  to  consent  that  a 

new  edition  should  he  printed,  he  announces  his  sacceaa 

with  obvious  eaultation  to  CoteB,  who  was  to  enperin- 

tend  the  work.    And  ia  the  mean  time  t\is  Attronoray 

of  David  Gregory,  published  in  1702,  showed  in  evety 

page  how  familiar  the  Newtonian  doctrines  were  to 

English  philosophers,  and  tended  to  make  them  mora 

fio,  as  the  sermons  of  Bentley  himself  had  done  in  1692. 

Newton's  Cambridge   coutemporaries  were  among 

those  who  took  a  part  in  hringiiig  the  Frincipia  before 

the  worid.     The  manuscript  draft  of  it  was  conveyed 

to  the  Koyal  Society  (April  28,  1686)  by  Dr.  Vincent, 

Fellow  of  Clare  Hall,  who  was  the  tutor  of  Whiston, 

^^_  Newton's  deputy  in  hia  professorship;  and  he,  in  pre- 

^^L  senting  the  work,  spoke  of  the  novelty  and  dignity  of 

^^H  the  subject.     There  exists  in  the  library  of  the  Uni- 

^^V  Tersity  of  Cambridge  a  manuscript  containing  the  early 

^^^  Propositions  of  the  Principia  as  far  as  Prop,  xxxiii.; 

(which  is  a  part  of  Section  vii,,  about  Falling  Bodies). 

This  appears  to  have  been  a  transcript  of  Newton'o 

Lectures,  delivered  as  Lucasian  Professor :  it  ia  dated 

■  October,  1684. 
Ia  OramiaCion  propordortai  to  Quantiit/  0/ Matter 
It  was  a  portion  of  Newton's  assertion  in  his  gi 
diaoovery,  that  alt  the  bodies  of  the  universe  attr 
each  other  with  forces  which  are  as  the  quemtilf/  q 
matter  in  each;  that  ia,  for  inatanoe,  the  sun  attract 
the  satellites  of  any  planet  just  as  much  aa  he  attracts 
the  planet  itself,  in  proportion  to  the  quantity  of  matter 
in  each ;  and  the  planets  attract  one  another  just  aa 
,  much  as  they  attract  the  sun,  according  to  the  quantity 

^^L         of  matter.  ■ 

^^H  To  prove  tbie  pa.T\.  «f  \\\«  Xv^i  enoc^  nk  'o.  ma,tt«^| 

^^H       *rhich  requires  caretoi  ex'graYoyeQ'ui-,  viA'Ci^vi^-^ccn^H 
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experimentally  by  Newton,  has  been  considered  in  our 
time  worthy  of  re-examination  by  the  great  astronomer 
Beaael.  There  was  some  ground  for  doubt;  for  the 
mass  of  Jupiter,  as  deduced  from  the  perturbations  of 
Saturn,  was  only  yjtts  "^  ^^^  mass  of  tbe  Sun ;  the  mass 
of  the  same  planet  as  deduced  from  the  perturbations 
of  Juno  and  Pallas  was  ynVs^^  that  of  the  Sun.  If  this 
difference  were  to  be  contirmed  by  accurate  observa- 
tiona  and  calculations,  it  would  follow  that  the  attrac- 
tive power  exercised  by  Jupiter  upon  the  minor  planets 
'WBS  greater  than  that  esercised  upon  Saturn.  And  in 
the  same  way,  if  the  attraction  of  the  Earth  had  any 
gpeoific  relation  to  different  kinds  of  matter,  the  time 
of  oscillation  of  a  pendulum  of  equal  length  composed 
■wholly  or  in  part  of  the  two  substances  would  be  dif- 
ferent. If,  for  instance,  it  were  more  intense  for  mag- 
netized iron  than  for  stone,  the  iron  penilulum  would 
oscillate  more  quickly.  Bt^ael  showed '  that  it  was 
possible  to  assume  hypothetical  ly  a  constitution  of  the 
sun,  planets,  and  their  appendages,  such  that  tbe 
attraction  of  the  Sun  on  the  Planets  and  Satellites 
should  be  proportional  to  the  quantity  of  matter  in 
each;  but  that  the  attraction  of  the  Planets  on  one 
another  would  not  be  un  the  same  scale. 

Newton  had  made  experiments  (described  in  the 
Principia,  Book  iii.,  Prop,  vi.)  by  which  it  was  shown 
that  there  could  be  no  considerable  or  palpable  amount 
of  suoh  specific  difference  among  terrestrial  bodies,  but 
his  experiments  oould  not  be  regarded  as  exact  enough 
for  the  requirements  of  modem  science.  Beseel  insti' 
tilted  a  laborious  series  of  experiments  (presented  to 
the  Berlin  Academy  in  1832)  which  completely  dis- 
proved tbe  conjecture  of  such  el  difference;  eveiy  sub- 
etance  examined  having  given  exactly  the  same  coefQ- 
cient  of  gravitating  intensity  as  compared  with  inertia. 
Among  the  substances  examined  were  metallic  and 
stony  masses  of  meteoric  origin,  which  might  be  sup- 
pose, if  any  bodies  could,  to  come  from  other  parts  of 
the  siJar  system. 

'  BtrlU  Mtm.  iBi*. 
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CHAPTER  IV. 

Vebification  j 


TVtWflg  of  the  Moon  and  Planets. 

THE  Newtonian  discovery  of  Universal  Gravitation, 
BO  remarkable  in  other  respects,  is  also  i-emarkable 
aa  exemplifying  the  immenae  extent  to  which  the  veri- 
fication of  a  great  truth  may  be  carried,  the  amount  of 
hnman  labour  which  may  be  requisite  to  do  it  justice, 
and  the  striking  extension  of  human  knowledge  to 
vhich  it  may  lead-  I  have  said  that  it  ia  remarked 
as  a  beauty  in  the  first  fixation  of  a  theoiy  that  ita 
measures  or  elements  are  established  by  means  of  a  few 
data;  but  that  ita  excellence  when  established  is  in  the 
number  of  observations  which  it  ex|)lains.  The  mul- 
tiplicity of  observations  which  are  explained  by  astro- 
nomy, and  which  are  made  because  astronomy  explains 
them,  is  immense,  as  I  have  noted  in  the  text.  And 
the  multitude  of  observations  thus  made  is  employed 
for  the  purpose  of  correcting  the  first  adopted  elements 
of  the  theory.  I  have  mentioned  some  of  the  examples 
of  this  process:  I  might  mention  many  others  in  order 
to  continue  the  history  of  this  part  of  Astronomy  up 
to  the  present  time.  But  I  wiU  notice  only  those 
which  seem  to  me  the  most  remai-kable. 

In  i8ia,  Burckhardt'a  Tolles  deUt  Zune  were  pub- 
lished by  the  French  Bureau  des  Longitudes.  A  com- 
parison of  these  and  Burg's  with  a  considerable  number 
of  observations  gave  9-iooths  of  a  second  as  the  mean 
errour  of  the  former  in  the  Moon's  longitude,  while  the 
mean  errour  of  Burg's  was  i8-iooths.  The  preference 
yas  therefore  accorded  to  Burckhardt'a. 

Yet  the  Lunar  Tables  were  still  as  much  as  thirty 
seconds  wrong  in  aiugle  observations.  This  ci 
stance,  and  Lie,^\ace'a  «,x.YTesse&  V^fti,  TOi.M,'»&.  ■Ooa 
French  Academj  to  oSbt  a.  ^i^ia  ^w  *  -^^^^^^  "-' 
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purely  theoretical  determination  of  the  Lunar  path, 
instead  of  determinationa  resting,  as  hitherto,  partly 
upon  theory  and  partly  upon  observations.  In  1820, 
two  prize  essays  appeared,  the  one  by  Damoiseau,  the 
other  by  Plana  and  Carlini.  And  some  years  after- 
warda  (in  1824,  and  again  in  1828),  Damoiseau  pub- 
lished Tahlea  de  la  Lune  formes  sut  la  smile  TUorie 
d'AUraction.  These  agree  very  closely  with  obserra- 
tioo.  That  we  may  form  some  notion  of  the  complexity 
of  the  problem,  I  may  state  that  the  lon^^tude  of  the 
Moon  IB  in  these  Tables  affected  by  no  fewer  than  forty- 
seven  equatvme;  and  the  other  quantities  which  deter- 
mine her  place  are  subject  to  inequalities  not  much 
leas  in  number. 

Still  I  had  to  state  in  the  second  Eklition  published 
in  1847,  that  there  remained  an  unexplained  discord- 
ance between  theory  and  observation  in  the  motions 
of  the  Moon ;  an  inequality  of  long  period  as  it  seemed, 
which  the  theory  did  not  give. 

A  careful  examination  of  a  long  series  of  the  best 
observatious  of  the  Moon,  compared  throughout  with 
the  theory  in  its  most  perfect  form,  would  afford  the 
means  both  of  correcting  the  numerical  elements  of 
the  theory,  and  of  detecting  the  nature,  and  perhaps 
the  law,  of  any  still  remaining  discrepanciefl.  Such  a 
work,  however,  required  vast  labour,  as  well  as  great 
skill  and  profound  mathematical  knowledge.  Mr, 
Airy  undertook  the  task ;  empl  oying  for  that  purpose, 
the  Observations  of  the  Moon  made  at  Greenwich  from 
1750  to  1830.  Above  8000  observed  places  of  the 
Moon  were  compared  with  theory  by  the  computation 
of  the  same  number  of  places,  each  separately  and  inde- 
pendently calculated  from  Plana's  Formulte.  A  body 
of  calculators  (sometimes  sixteen),  at  the  expense  of  the 
British  Government,  was  employed  for  about  eight  years 
in  this  work.  When  we  take  this  in  conjunction  with 
the  labour  which  the  observations  themselves  imply,  it 
may  serve  to  show  on  what  a  scale  the  verification  of  the 
Kewtonian  theory  has  been  conducted.  The  first  results 
of  this  labour  were  published  in  two  i^uwto  nq\'j.iw«.\ 
the  Said  deductions  as  to  correction.  oS  ^ftHwsiti,  Isa* 
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were  given  in  the  Memoirs  of  the  Astronomical  Societj- 
in  1848.' 

Even  while  the  calculations  ^ 
came  apparent  that  there  were  son 
the  ohserved  places  of  tlie  Moon,  and  the  theory  so  far 
Bs  it  haA  then  been  developed.  M.  Hansen,  an  eminent 
German  mathematician  vho  had  deviled  nevr  and 
powerful  methods  for  the  mathematical  determination 
of  the  results  of  the  law  of  gravitation,  was  thus  led  to 
explore  Btill  further  the  motions  of  the  Moon  in  pur- 
suance of  this  law.  The  result  was  that  he  found 
there  must  exist  two  lunar  inequalities,  hitherto  not 
known;  the  one  of  273,  and  the  other  of  239  years, 
the  co-efficlenta  of  which  are  respectively  27  and  23 
seconds.  Both  these  originate  in  the  atti-action  of 
Venus;  one  of  them  being  connected  with  the  long 
inequality  in  the  Solar  Tables,  of  which  Mr.  Aiiy 
had  already  proved  the  esiateuce,  as  stated  in  Chap. 
vi.  Sect.  6  of  this  Book. 

These  inequalities  feJl  in  with  the  discrepancies 
between  the  actual  observations  and  the  previously 
calculated  Tables,  which  Mr.  Airy  had  discovered. 
And  again,  shortly  afterwards,  M.  Hansen  found  that 
there  i-esulted  from  the  theory  two  other  new  equar- 
tions  of  the  Moon;  one  in  latitude  and  one  in. 
longitude,  agreeiug  with  two  which  were  found  by 
Mr.  Airy  in  deducing  from  the  observations  the  correo- 
tionof  the  elements  of  the  Lunar  Tables.  And  again,  a 
little  later,  there  was  detected  by  these  otathematicianB 
a  theoretical  correction  for  the  motion  of  the  Node 
of  the  Moon's  orbit,  coinciding  exactly  with  one 
which  bad  been  found  to  appear  in  the  oViaervationB. 

Nothing  can  more  strikingly  exhibit  the  confirma- 
tion which  increased  scrutiny  brings  to  light  between 
the  Newtonian  theory  on  the  one  hand,  and  the  celea- 
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tial  motions  on  the  other.  We  h&ve  here  a  very  lai^ 
mass  of  the  best  obserrations  which  hare  ever  been 
made,  Bjatematically  examined,  with  immense  labour, 
and  with  the  set  purpose  of  correcting  at  oiioe  all  the 
elements  of  the  Lunar  Tables.  The  corrections  of  the 
elements  thus  deduced  Imply  of  course  some  etrour 
in  the  theory  as  previously  developed.  But  at  the 
same  time,  and  with  the  like  determination  thoroughly 
to  explore  the  subject,  the  theory  ia  again  jiressed  to 
yield  its  most  complete  results,  by  the  invention  of 
new  and  powerful  mathematical  methods;  and  the 
event  i^  that  residual  errours  of  the  old  Tables, 
several  in  number,  following  the  most  diverse  laws,  oo- 
curring  in  several  detached  parbe,  agree  with  the  residual 
results  of  the  Theory  thus  newly  extracted  from  it. 
And  thus  every  additional  exactness  of  scrutiny  into 
the  celestial  motions  on  the  one  hand  and  the  New- 
tonian theory  on  the  other,  has  ended,  sooner  or  later, 
in  showing  the  exactness  of  their  coincidence. 

The  comparison  of  the  theory  with  observation  in 
the  case  of  the  motions  of  the  Pliinets,  tlie  motion  of 
each  being  disturbed  by  the  attraction  of  all  the  others, 
ja  a  subject  in  some  respects  still  more  complicated  and 
laborious.  This  work  also  was  undei-taken  by  the  same 
indefatigable  astronomer;  and  here  also  his  materials  he* 
longed  to  the  same  period  as  before;  being  theadmirahle 
observations  niade  at  Greenwich  fi-om  1750  to  1830, 
during  the  time  that  Bradley,  Maskelyne,  and  Pond 
were  the  Astronomers  Boyal.*  These  Planetary  obser- 
vations were  deduced,  and  the  observed  ploces  were 
compared  with  the  tabular  places:  with  Liiidenau's 
Tables  of  Mercury,  Venus,  and  Mars;  and  with  Bou- 
vard's  Tables  of  Jupiter,  Saturn,  and  Uranus:  and 
tilus,  while  the  received  theory  alid  its  elements  were 

*  TheobtfcrTftticiTuafitaniiude  In  wbkb  hf  held  thoH  matflrlalfi: 

bj  Bndley,  who  preceded  Uuke-  FWidamenta  Artronomla  pro  anno 

Ij-ue  It  Grscnwioh,  hid  alreidf  iTSS.  daliKTta    &i    nturrvMoHOmt 

been  diicossed  by  Bcflsel.  ft  ^reftt  riri  inc&mpambiHti  Jtvaa  Brtsdiejf 

Gemimo  ■fltronomer ;  uid  th«  re-  in    tptaila   Attriflifnnioi    'irerujvV- 


OMt  weU  limwed  the  atiuutloi    IMU. 


I 
I 


Wji6o  ADDITIONS. 

confirmed,  the  means  of  testing  any  improvement 
■wliich  may  hereafter  be  proposed,  either  in  the  form 
of  the  theoretical  results  or  in  the  constant  elements 
vhich  they  involved,  was  placed  within  the  reach 
of  the  astronomers  of  all  future  time.  The  work 
appeared  in  1845^  the  expense  of  the  compilations 
and  the  publication  being  defrayed  by  the  British 
Government. 

T/ie  Discovery  of  y^tune. 

The  theory  of  gravitation  waa  destined  to  receive  a 
confirmation  more  striking  than  any  which  could  arise 
from  any  explanation,  however  perfect,  given  by  the 
motions  of  a  known  planet;  namely,  in  revealing  the 
existence  of  annnknown  planet,  disclosed  toaatronomers 
by  the  attraction  which  it  exerted  upon  a  known  one. 
The  story  of  the  discovery  of  Neptune  by  the  calcula- 
tions of  Mr.  Adams  and  M.  Le  Terrier  was  partly  told 
in  the  former  edition  of  this  History,  I  had  there 
stated  (vol.  ii.  p.  306}  that  "  a  deviation  of  observation 
from  the  theory  occurs  at  the  very  extremity  of  tha 
Bolar  system,  and  that  its  existence  appears  to  be 
beyond  doubt.  Uranus  does  not  conform  to  the  Tables 
calculated  for  him  on  the  theory  of  gravitation.  In 
1821,  Bouvard  said  in  the  Preface  to  the  Tables  of 
this  Planet,  'the  formation  of  these  Tables  offers  to  na 
this  alternative,  that  we  cannot  satisfy  modem  obser- 
vations to  the  requisite  degree  of  precision  without 
making  our  Tables  deviate  from  the  ancient  obaer- 
vationa'  But  when  we  have  done  this,  there  is  still  a 
discordance  between  the  Tables  and  the  more  modem 
observations,  and  this  discordance  goes  on  increasing. 
At  present  the  Tables  maJte  the  Planet  come  upon  the 
meridian  about  eight  secantis  later  than  he  really  does. 
This  discrepancy  has  turned  the  thoughts  of  astro- 
nomers to  the  eflecta  which  would  result  from  a  planet 
external  to  Uranus.  It  appears  that  the  observed 
motion  would  be  explained  by  applying  a  planet  at 
twice  the  distance  ot  \5"ca'm\%  ^vom.  VVe  ^voi.  ^  eTEaiciaa 
a  dieturbing  force,  au.4  \\^  ia  touni.  *iaS.  "Ooa  ijjwwsti*. 
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longitude  of  this  diaturbing  body  must  be  about  323 
degrees. 

I  added,  'M.  Le  Verrier  {Compter  Reridus,  Jan.  1, 
1846)  and,  aa  I  am  inibrraed  by  the  Astronomer 
Koyal,  Mr.  Adams,  of  St,  John's  College,  Cambridge, 
iiave  both  arrived  independently  at  this  result.' 

To  this  Edition  I  added  a  Postscript,  dated  Nov,  7, 
J 846,  in  which  I  said: — 

'  The  planet  exterior  to  Urauus,  of  which  the  exist- 
ence waa  inferred  by  M.  Le  Verrier  and  Mr.  Adams 
from  the  motions  of  Uranns  (vol,  ii.  Note  (l.)  ),  Los 
eiace  been  discovered.  This  confirmation  of  calculatioiiB 
founded  upon  tlie  doctrine  of  universal  gi-uvitHtion, 
may  be  looked  upon  as  the  most  remarkable  event  of 
the  kind  since  the  return  of  Halley's  comet  in  1757; 
and  in  some  respects,  aa  a  more  striking  event  even 
than  that;  inasmuch  aa  the  new  planet  bad  never 
been  seen  at  all,  and  was  discovered  by  matbematioians 
entirely  by  their  feeling  of  its  influence,  which  they 
perceived  through  the  organ  of  mathematical  calcu- 
lation. 

'  There  can  be  no  doubt  that  to  M.  Le  Verrier 
belongs  the  glory  of  having  first  published  a  predic- 
tion of  the  place  and  appearance  of  the  new  planet, 
and  of  having  thus  occasioned  its  discovery  by  astro- 
nomical observers.  M.  Le  Verrier's  first  prediction 
■was  published  in  the  Comptea  Rendua  de  VAcad.  des 
Sciences,  for  June  i,  1846,  (not  Jan.  i,  as  erroueonaly 
printed  in  my  Note.)  A  subsequent  paper  on  the 
subject  was  read  Aug.  31.  The  planet  was  seen  by 
M.  GhUe,  at  the  Observatory  of  Beriin,  on  Sep- 
tember 33,  on  which  day  he  had  received  an  express 
application  from  M.  Le  Verrier,  recommending  him  to 
endeavour  to  recognize  the  atranf;er  by  its  having  a 
visible  disk.  Professor  Chailis,  at  the  Observatory  of 
Cambridge,  was  looking  out  for  the  new  planet  from 
July  Z9,  and  saw  it  on  Aug.  4,  and  again  on  Aug.  1 3, 
but  without  recognizing  it,  in  consequence  of  his  plan 
of  not  comparing  his  observations  till  he  had  accumu- 
lated a  greater  number  of  them.  On  Sept.  aq,  ha-vic^ 
read  for  the  first  time  M.  Le  Verriefa  s«cou&  ■^a.-^'^i 
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he  altered  his  plan,  and  paid  attention  to  the  physical 
appearance  rather  thaa  the  ))ositL<)a  of  the  star.  On 
that  very  evening,  not  having  then  heard  of  M. 
Galle'e  discovery,  he  singled  out  the  star  by  ita  seeming 
to  have  a  disk. 

'M.  Le  Verrier'a  mode  of  discassing  the  circum- 
Btancea  of  TJranua's  motion,  and  inferring  the  new 
planet  from  these  circumstances,  ia  in  the  highest 
degree  sagacious  and  masterly.  Justice  to  him  cannot 
require  that  the  contemporaneous,  though  unpublished, 
labours  of  Mr.  Adams  of  St.  John's  Ooliege,  Cambridge^ 
should  not  also  be  recorded.  Mr.  Adams  made  his 
first  calculations  t«  account  for  the  anomalies  in  the 
motion  of  Uranns,  on  tfa«  hypothesis  of  a  more  dLstant 
planet,  in  1S43.  At  first  he  had  not  taken  into  account 
the  earlier  Greenwich  observations;  but  these  were 
supplied  to  him  by  the  Astronomer  Koyal,  in  1844. 
In  September,  1845,  Mr.  Adams  communicated  tO' 
Prof.  Challis  values  of  the  elements  of  the  supposed' 
disturbing  body;  namely,  its  mean  distance,  mean 
longitude  at  a  given  e|x>ch,  longitude  of  perihelion, 
ecceutricity  of  orbit,  and  mass.  In  the  nest  month, 
he  communicated  to  the  Astronomer  Royal  values  of 
the  same  elements,  somewhat  corrected.  The  note 
(l),  vol.  ii.,  of  the  present  work  (and  Ed.),  in  which  the 
nsjues  of  MM.  Le  Yerrier  and  Adams  are  mentioned 
in  conjunction,  was  in  the  press  in  August,  1846,  a 
month  before  the  planet  was  seen.  As  I  have  s^ted 
in  the  toxt,  Mr.  Adame  and  M.  Le  Ven-ier  aasigued 
to  the  unseen  planet  nearly  the  same  position;  they 
also  assigned  to  it  neariy  the  same  mass;  namely,  3^ 
times  the  mass  of  Uranus.  And  hencie,  su^^iosing  the 
density  to  be  not  greater  than  that  of  Uranus,  it  fol- 
lowed that  the  visible  diameter  would  be  about  3', 
apparent  magnitude  not  much  smaller  than  Uranus 
himself. 

'  M.  Le  Verrier  has  mentioned  for  the  new  planet 
the  name  NeptvMVs  ;  and  probably,  deference  to  hia 
authority  as  its  discoverer  will  obtain  general  ourrenof 
for  thie  uaiue.' 

Mr.  Airy  has  given  a.  ■vevy  csi\w^\a  "^caXwcj  ^fi. 


net  ^1 
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circumstances  attending  the  (liscovery  of  Neptune,  in 
the  Menioiraof  the  AatroBOmicai  Society  (read  Novem- 
ber 13,  1846).  In  this  he  ahows  that  the  probability  of 
some  disturbiDg  body  beyond  Uranus  had  suggested 
itttelf  to  M.  A.  Bouvard  and  Air.  Hussey  as  early  as 
1834.  Mr.  Airy  himself  then  thought  that  the  time 
was  not  ripe  for  making  out  the  nature  of  any  external 
action  on  the  planets.  But  Mr,  Adams  soon  afterwards 
proceeded  to  work  at  the  problem.  As  early  as 
1841  (as  he  himself  informs  me)  he  conjectured  the 
exiBtenee  of  a  planet  exterior  to  Uranus,  and  recorded 
in  a  memorandum  his  design  of  examining  its  effect; 
but  deferred  the  calculations  till  he  had  completed  his 
preparations  for  the  University  examination  which  he 
was  to  undergo  in  January,  1B431  in  order  to  receive 
the  Degree  of  Bachelor  of  Arts.  He  was  the  Senior 
Wrangler  of  that  occasion,  and  soon  afterwards  pro- 
ceeded to  carry  his  deuign  into  effect;  applying  to  the 
Astronomer  Eoyal  for  recorded  observations  which 
might  aid  hiin  in  his  task.  On  one  of  the  last  days  of 
October,  1 845,  Mr.  Adams  went  to  the  Observatoiy  at 
Greenwich ;  and  finding  the  Astronomer  Koyal  abroad, 
he  left  there  a  paper  containing  the  elements  of  the 
extra-Uranian  Planet  1  the  longitude  was  in  this  paper 
stated  as  323^  degrees.  It  was,  aa  we  have  seen,  in 
June,  1846,  that  M.  Le  Venier's  Memoir  appeared, 
in.  which  he  assigned  to  the  distributing  body  a  longi- 
tude of  335  degrees.  The  coincidence  was  striking.  '  I 
cannot  sufficiently  express,'  says  Mr.  Airy,  '  the  feeling 
of  delight  and  satisfaction  which  I  received  from  the 
Memoir  of  M.  Le  Verrier.'  This  feeling  communicated 
itself  to  others.  Sir  John  Herachel  said  in  3ept«mber, 
1 846,  at  a.  meeting  of  the  Briti^  Association  at  South- 
ampton, '  We  see  it  (the  probable  new  planet)  as 
Columbus  saw  America  from  the  shores  of  Spain.  Its 
movements  have  been  felt,  trembling  along  the  far- 
reaching  line  of  our  analysis,  with  a  certainty  hardly 
inferior  to  that  of  ocular  demonstration.' 

In  truth,  at  the  moment  when  this  was  uttered,  the 
new  Planet  had  already  been  seen  ty  Ptoie^t 
CbaUh;  for,  as  we  have  said,  lie  bad  sbbu  Vt  m.  '^& 
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He  had  ini 


parly  pait  of  August. 

wliicb  lie  had  oast  among  the  stars  for  ttiia  very  pur- 
pose; but  employiDg  a  eIow  and  cftutiotis  process,  he 
had  deferred  for  a  time  that  examinatloa  of  his  capture 
which  would  have  enabled  him  to  detect  the  object 
sought.  As  aoon  a8  he  received  M.  Le  Verrier'a  paper 
of  August  31  on.  September  29,  he  was  so  much  im- 
pressed with  the  sagacity  aod  clearneas  of  the  limita- 
tions of  the  field  of  ohservation  there  laid  down,  that 
he  instantly  changed  hia  plan  of  observation,  and  noted 
the  planet,  as  an  objeot  having  a  visible  disk,  on  the 
evening  of  the  same  day. 

In  this  manner  the  theory  of  gravitation  predicted 
and  produced  the  discovery.  Thus  to  predict  ucknown 
facts  found  afterwards  to  he  true,  is,  as  I  have  said,  a 
confirmation  of  a  theory  which  in  impreaaiveneaa  and 
value  goes  beyond  any  explanation  of  known  facts.  It 
is  a  confirmation  which  has  only  occurred  a  few  times 
in  the  history  of  science;  and  in  the  case  only  of  the 
most  refined  and  complete  theories,  such  as  those  of 
Astronomy  and  Optics.  The  mathematical  skill  which 
was  requisite  in  order  to  arrive  at  suoh  a  discovery, 
may  in  some  measure  be  judged  of  by  the  account  which 
we  have  had  to  give  of  the  previous  mathematical  pro- 
gress of  the  theory  of  gravitation.  It  there  appeared 
that  the  lives  of  many  of  the  most  acute,  olear-sighted, 
and  laborious  of  mankind,  had  been  employed  for  gene- 
rations in  solving  the  problem,  Given  the  planetary 
bodies,  to  find  their  mutual  perturbations :  but  here  wo 
have  the  invet^e  problem;  Given  the  perturbations,  to 
find  the  planets.^ 
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TIte  Minor  Planets. 


The  discovery  of  the  Minor  Planets  which  revolve 
between  the  orbits  of  Miirs  and  Jupitev  was  not  a 
ooDBequence  or  coufirmFition  of  the  Mowtonian  theory. 
That  theory  gives  no  reason  for  the  distance  of  the 
Planets  from  the  Sun  j  nor  does  any  theory  yet  devised 
give  such  reason.  But  an  empirical  formula  proponed 
by  the  Astronomer  Bode  of  Berlin,  gives  a  law  of  these 
distances  {Bodes  Law),  which,  to  make  it  coherent, 
requires  a  planet  between  Mars  and  tTuptter.  With 
such  an  addition,  the  distance  of  Moreary,  Venus, 
Earth,  Mars,  the  Missing  Plaii«t,  Jupiter,  Saturn,  and 
Uranus,  are  nearly  as  the  numbers 

4.  7.  1°.  »6,  28,  5a,  100,  196, 
in   which   the   exceBses  of  each   number  above  the 
preceding  are  the  series 

3,  3,  6,  12,  34,  48,  96. 
On  the  strength  of  this  law  the  Germans  wrote  on  lite 
long-expected  Flanet,  and  formed  themselves  into  aaso- 
ciations  for  the  discovery  of  it. 

Not  only  did  this  law  stimulate  the  inquiries  for  the 
Missing  Planet,  and  thus  lead  to  the  discovery  of  the 
Minor  Planets,  but  it  had  also  a  share  in  the  discovery 
of  Neptune.  According  to  the  law,  a  planet  beyond 
Uranus  may  be  expected  to  be  at  the  distance  repre- 
sented by  388.  Mr.  Adams  and  M.  Le  Verrier  both 
of  them  began  by  assuming  a  distance  of  nearly  tbui 
magnitude  for  the  Flanet  which  they  sought ;  that 
is,  a  distance  more  than  38  timea  the  earth's  dis- 
tance. It  was  found  aflerwarda  that  the  distance 
of  Neptune  is  only  30  times  that  of  the  earth ;  yet 
the  ftSBumption  was  of  essential  use  in  ofatainiug  th« 
result :  and  Mr.  Aity  remarks  that  the  history  of  the 
discovery  shows  the  importanc«  of  using  any  reci.'ive(l 
theory  as  ^  as  it  will  go,  even  if  the  theoty  can  claim 
no  higher  merit  than  that  of  being  plausible.* 
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The  diHCOveiy  of  Minor  Planets  in  a^  certain  region 
of  the  interval  between  Mars  and  Jupiter  haa  gone 
on  to  such  an  extent,  that  their  number  makes  them 
assume  in  a  peculiar  manner  the  character  of  repreaen* 
tativea  of  a  Missing  Planet.  At  Srat,  as  I  hare  said  in 
the  text,  it  was  supposed  that  all  these  portions  must 
pass  through  or  near  a  common  node;  this  opinion 
being  founded  on  the  very  hold  doctrine,  that  the 
portions  must  at  one  time  have  been  united  in  one 
Planet,  and  must  then,  have  separated.  At  this  node, 
as  I  have  stated,  Olbers  lay  in  wait  for  them,  as  for 
a  hostile  army  at  a  defile.  Ceres,  Pallas,  and  Jnno  had 
been  discovered  in  this  way  in  the  period  from  i8oi 
to  1804;  and  Vesta.  w£is  caught  in  1807.  For  a  time 
the  chace  for  new  planets  in  this  region  seemed  to  have 
exhausted  the  stock  But  after  thirty-eight  years,  to 
the  astonwhment  of  astronomers,  they  began  to  he 
again  detected  in  extraordinary  numbers.  In  1845, 
M.  Hencke  of  Driessen  discovered  a  fifth  of  these 
planets,  which  was  termed  Astrasa.  In  various  quarters 
the  chace  was  resumed  with  great  ardour.  In  1847 
were  found  Hebe,  Iris,  and  Flora;  in  1848,  Metis; 
in  1849,  Hygiea;  in  1850,  Parthenope,  Victoria,  and 
Egeria;  in  1851,  Irene  and  Eunomia;  in  1852,  Psyche, 
Thetis,  Melpomene,  Fortuna,  Massilia,  Lutetia,  Cal- 
liope. To  these  we  have  now  (at  the  close  of  1856) 
to  add  niTteteen  others;  making  up  the  whole  number 
of  these  Minor  Planets  at  present  known  to /orty-tKo. 

As  their  enumeration  will  show,  the  ancient  practice 
has  been  continued  of  giving  to  the  Planets  mytho- 
logical names.  And  for  a  time,  till  the  numbers 
became  too  great,  eiicli  of  the  Minor  Planets  was 
designated  in  astronomical  books  by  some  symbol 
appropriate  to  the  charaj^ter  of  the  mythological  person; 
as  from  ancient  times  Mars  has  been  denoted  by  a 
mark  indicating  a  spear,  and  Venus  by  one  represent- 
ing a  looking-glass.  Thus,  when  a  Minor  Planet  was 
discovered  at  London  in  1851,  the  year  in  which  the 
peace  of  the  world  was,  in  a  manner,  celebrated  by  the 
Great  Exhibition  of  the  Products  of  All  Nations,  held 
at  that  metro^fe,  VW  iiB,\Qii  Irene  -«»*  i^^ea.  Vi  <lW 
new  star,  as  a  mfiUkonsi  «.t  ^iia  wMs^isvi'ii  Miaas.  ?&."-&». 
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diBCOvery.  And  it  was  agreed,  for  a  while,  that  its 
symbol  should  be  a  clove  wilh  an  olive  branch.  But 
the  vast  multitude  of  the  Minor  Planets,  as  discovery 
went  on,  made  any  mode  of  designation,  except  a 
numerical  one,  practically  inconvenient.  They  are 
now  denoted  by  a  small  circle  inclosing  a  figure  in  the 
order  of  their  discovery.  Thus,  Ctrta  is  (T) ,  Ireme  is 
@,  and  Im  is  @ . 

The  rapidity  with  which  these  discoveries  were 
made  was  owing  in  part  to  the  formation  of  star-maps, 
in  whicli  all  known  fixed  stars  being  represented,  the 
existence  of  a  new  and  moveable  star  might  be  recog- 
nised by  comparison  of  the  sky  with,  the  map.  These 
maps  were  first  constructed  by  astronomers  of  different 
countries  at  the  suggestion  of  the  Academy  of  Berlin ; 
but  they  have  since  been  greatly  extended,  and  now  in- 
clude much  smaller  stars  than  were  originally  laid  down. 

I  will  mention  the  number  of  planets  discovered  in 
each  year.  After  the  start  was  once  made,  by  Hencte'a 
discovery  of  Aatrsea  in  1845,  the  same  astronomer 
discovered  Hebe  ia  1847  ;  and  in  the  same  year  Mr. 
Hiad,  of  London,  discovered  two  others.  Iris  and 
Flora.  The  years  1848  and  1849  each  supplied  one; 
the  year  1850,  three;  1851,  two;  1852  was  marked  by 
theextraordinary  discovery  of  etjfAi  new  membersof  the 
planetary  aystera.  The  year  1853  supplied  four;  1854, 
aix;  1855,  four;  and  1856  has  already  given  us  five. 

These  discoveries  have  been  distributed  among  the 
observatories  of  Europ&  The  bright  sky  of  Naples 
has  revealed  seven  new  planets  to  the  telescope  of 
Signor  Gaaparia.  Marseilles  has  given  us  one  ;  Ger- 
many, four,  discovered  by  M.  Luther  at  Bilk ;  Paris 
has  iiimished  seven;  and  Mr,  Hind,  in  Mr.  Bishop's 
private  observatory  in  IiOndon,  notwithstanding  our 
turbid  skies,  has  discovered  no  less  than  ten  planets  ; 
and  there  also  Mr.  Marth  discovered  @l  Amphttrite. 
Mr,  Graham,  at  the  private  observatory  of  Mr.  Cooper 
in  Ireland,  discovered  (5)  Metis. 

America,  has  supplied  its  planet,  ■BiiaeX^  '^  "^ni.- 
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phrosyne,  discovered  by  Mr.  Ferguson  atWashington; 
and  tbe  most  recent  of  these  diaooveriea  ia  that  by  Mr. 
Pogson  of  Osford,  who  has  found  the  forty-second  of 
these  Minor  Planets,  which  has  been  nMned  Isis.^ 

I  may  add  that  it  appears  to  follow  from  the  best 
calculations  that  tbe  tolal  mosa  of  all  these  bodies  is 
very  smalL  Herachel  reckoned  the  diameters  of  Ceres 
at  35,  and  of  Follus  at  26  miles.  It  has  since  beeii 
calculated  °  that  some  of  them  are  smaller  atillj 
Victoria  having  a,  diameter  of  9  miles,  Lutetia  of 
8,  and  Atalanta  of  little  moi-e  than  4.  It  follows 
fi^>m  this  that  the  whole  mass  would  probably  he 
leas  than  the  sixth  part  of  our  moon.  Hence  their 
perturbing  effects  on  each  other  or  on  other  planets 
are  null ;  but  they  are  not  the  less  disturbed  by 
the  action  of  the  other  planets,  and   eapecially 

Anomalies  in  tfis  Action  of  GTWoiiaUon. 
The  complete  and  exact  manner  in  which  the  Aot^ 
trine  of  gravitation  explains  the  motions  of  the  Oometa 
aawellaa  of  the  Planets  has  made  astronomers  veiy 
bold  in  proposing  hypotheses  to  account  for  any  devia- 
tions from  the  motion  which  the  theory  requires. 
Thus  Bncke'a  Comet  ia  found  to  have  its  motion 
accelerated  by  about  one-eighth  of  a  day  in  every  revo- 
lution. This  result  wtta  conceived  to  be  established  by 
former  observations,  and  is  confirmed  by  the  &ota  of 
the  appearance  of  1852.^  The  hypothesis  which  is 
proposed  in  order  to  explain  this  result  is,  that  the 
Comet  moves  in  a  resisting  medium,  which  makes  it 
fall  inwards  from  its  path,  towards  the  Sun,  and  thus, 
by  narrowing  its  orbit,  diminishes  its  periodic  time. 
On  the  other  hand,  M.  Le  Verrier  has  found  that 
Mercury's  mean  motion  has  gone  on  diminishing;  aa 
if  the  planet  were,  in  the  progress  of  his  revolutioi 
receding  further  from  the  Sun.  This  is 
if  we  suppose  that  there  ia,  in  the  region  of  Mercur 
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ft  reaistiiig  medium  which  moyea  round  the  Sun  in 
the  some  direction  as  the  Planets  mova  Evidence 
of  a  kind  of  nebulous  disk  surrounding  the  Sun,  and 
extending  beyond  the  orbits  of  Mercury  aud  Venus, 
appears  to  be  afforded  us  by  the  phenomenon  called 
the  Zodiacal  Light;  and  aa  the  Sun  itself  rotates 
on  its  axis,  it  is  most  probable  that  this  kind  of 
atmosphere  rotates  also.^  Oa  the  other  hand,  M. 
Le  Verrier  conceives  that  the  Comets  which  now 
revolve  within  the  ordinary  planetary  limits  have 
not  always  done  bo,  but  have  been  caught  and  detained 
by  the  Planets  among  which  they  move.  In  this  way 
the  action  of  Jupiter  has  brought  the  Comets  of  Faye 
and  Yico  into  their  present  limited  orbits,  as  it  drew 
the  Comet  of  Lexell  out  of  its  known  orbit,  when  the 
Comet  passed  over  the  Planet  in  i779i  since  which 
time  it  has  not  been  seen. 

Among  the  examples  of  the  boldness  with  which 
astronomers  assume  the  doctrine  of  gravitation  even 
beyond  the  limits  of  the  solar  system  to  be  so  entirely 
established  that  hypotheses  may  and  must  be  aasum^ 
to  explain  any  apparent  irregularity  of  motion,  we 
may  reckon  the  mode  of  accounting  for  certain  sup' 
posed  irregularitieH  in  the  proper  motion  of  Sirius, 
which  has  been  proposed  by  Bessel,  aad  which  M, 
Peters  thinks  is  proved  to  be  true  by  his  recent 
researches  {Aetr.  Nadi.  sjnd.  p.  3i(j,  and  xxxii.  p.  I.) 
The  hypothesis  is,  that  Sirius  has  a  companion  star, 
dark,  and  therefore  invisible  to  us;  and  that  the  two, 
rBvalving  round  their  common  center  as  the  system 
moves  on,  the  motion  of  Sirius  is  seen  to  be  sometimes 
qoicker  and  aometimes  slower. 

Tht  Earth's  Density. 
'Oaveudish'a  eKperiment/ as  it  ia commonly  called — 
the  mesLSDTe  of  the  attractions  of  manag«9ible  Miamta 
by  the  tomon  balance,  in  order  Ui  determine  the  draisity 
of  the  Earth—haa  been  repeated  recently  by  Profeaun- 
Beich  at  Freibei^,  and  by  Mr.  Baily  in  England,  viUi 

*X-  U  Taikr,Amalaittat».dt  Fiait,-%<i.'>.-a\t. 


470  ADDITIONS. 

great  atteation  to  the  meajie  of  attaining  accnruy. 
Professor  Reich's  result  for  the  density  of  the  Earth  is 
5-44;  Mr.  Baily'a  is  593.  Cavendiah'sresultwaa  3-48; 
according  to  recent  reviaionB*  it  is  5-52, 

But  thestatical  effect  of  theattraction  of  manageeible 
masses,  or  even  of  mountains,  is  veiy  small.  The  effect 
of  a  amall  change  in  gravity  may  be  accumulated  by 
being  constantly  repeated  in  the  oscillations  of  a  pen- 
dulum, and  thus  may  become  perceptible.  Mr.  Aiiy 
attempted  to  determioe  the  density  of  the  Earth  by  a 
method  depending  on  this  riew,  A  pendulum  oscil- 
lating at  the  surface  was  to  be  compared  irith  an  equal 
pendulum  at  a  great  depth  below  the  surface.  The 
difference  of  their  rates  would  disclose  the  different 
force  of  gravity  at  the  two  positions;  and  hence,  the 
density  of  the  Earth.  In  1826  and  i8a8,  Mr.  Airy 
attempted  this  experiment  at  the  copper  mine  of 
Dolcoath  in  Cornwall,  but  faUed  from  various  causes. 
But  in  1854,  he  resumed  it  at  the  Harton  coal  mine 
in  Durham,  the  depth  of  which  is  1260  feet;  having 
in  this  new  trial,  the  advantage  of  transmitting  the 
time  from  one  station  to  the  other  by  the  isstan- 
taneous  effect  of  galvauism,  instead  of  by  portable 
watches.  The  result  was  a  density  of  6-56;  which  is 
much  larger  than  the  preceding  results,  but,  as  Mr. 
Airy  holds,  is  entitled  to  compete  with  the  others  on 
at  least  equal  terms. 

I  should  be  wanting  in  the  expreasloQ  of  gratitude 
to  those  who  have  practically  assisted  me  in  Researchea 
on  the  Tides,  if  I  did  not  mention  the  grand  series  of 
Tide  Observations  made  on  the  coast  of  Europe  and 
America  in  June  1835,  through  the  authority  of  the 
Board  of  Admiralty,  and  the  interposition  of  the  late 
Duke  of  Wellington,  at  that  time  Foreign  Secretary. 
Tide  observations  were  made  for  a  fortnight  at  all  the 
Coast-guard  stations  of  Great  Britain  and  Ireland  in 
June  1834;    "od  these  were  repeated  in  June   1835, 
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iritli  corresponding  obeeryatioiis  on  all  the  coasts  of 
Europe,  from  the  North  Cape  of  Norwaj  to  the  Straits 
of  Gibraltar;  and  from  the  mouth  of  the  St.  Lawreaoo 
to  the  mouth  of  the  MissiasippL  The  results  of  these 
observations,  which  were  veiy  complete  so  Cu*  a^  the 
coast  tides  were  concerned,  were  given  in  the  Phi- 
losop/acal  TraiutuAioiu  for  1836. 

Ajdditional  accuracy  respecting  the  Tides  of  the  Noi'th 
American  coast  may  be  expected  from  the  survey  now 
going  on  under  the  direction  of  Superintendent  A. 
Bache.  The  Tides  of  the  English  Channel  have  been 
further  investigated,  and  the  phenomena  presented 
under  a  new  point  of  view  by  Admiral  Beechey. 

TheTiJesof  the  Coast  of  Ireland  have  been  examined 
with  great  care  by  Mr.  Airy.  Numerous  and  careful 
obeervationBweremade  withavie\r,ia  thelirst  instance, 
of  determining  what  was  to  be  regarded  as  '  the  Level 
of  the  Bea;'  but  the  results  were  discussed  so  as  to  bring 
into  view  the  laws  and  progress,  on  the  Irish  coast,  of 
the  various  inequalities  of  thu  Tides  mentioned  in 
Chap.  iv.  Sect.  9  of  this  Book. 

I  may  notice  as  one  of  the  curious  results  of  tlis 
Tide  Observations  of  1836,  that  it  appeared  to  me, 
from  a  compaiiflon  of  the  Observations,  tliat  there  must 
be  a  point  in  the  German  Ocean,  about  midway  between 
Lowestoft  on  the  English  coast,  and  the  Brill  oil  the 
Dutch  coast,  where  the  tide  would  vanish :  and  this 
was  ascertained  to  be  the  case  by  oliservation ;  the 
observations  being  made  by  Captain  ilowett,  then 
employed  in  a  survey  of  that  sea. 

Cotidal  Lines  snpply,as  I  conceive,  a  good  and  simple 
method  of  representing  the  progress  and  connexion  of 
littoral  tideB.  But  to  draw  cotidal  lines  across  oceans, 
is  a  very  precarious  mode  of  representing  the  facts, 
except  we  had  much  more  knowledge  on  the  subject 
than  we  at  present  possess.  In  the  PliiL  Trans,  for 
1848,  I  have  resumed  the  subject  of  the  Tides  of  the 
Pacific;  and  I  have  there  expressed  my  opinion,  that 
while  the  littoral  tides  are  produced  by  progressive 
waves,  the  oceanic  tides  are  more  of  the  nature  of  st^ 
tionatj  undulations. 
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But  many  pointa  of  this  kind  might  be  decided,  and 
our  knowledge  on  this  subject  might  be  brought  to  a 
coudition  of  completen&aa,  if  &  ship  or  ships  were 
sent  expressly  to  foUov  the  phenomena  of  the  Tides 
from  pouit  to  point,  as  the  obaervationa  themselves 
might  suggest  a  course.  Till  this  ia  done,  our  know- 
ledge cannot  be  completed.  Detached  and  casual 
obserTationa,  made  aliud  agendo,  can  never  cai-ry  ua 
much  beyond  the  point  where  we  at  present  are. 

DovUe  Stars. 

Sir  John  Herschel's  work,  referred  to  in  the  History 
(2nd  Ed.)aa  then  about  toappear,  was  published  in  1847.'" 
In  this  work,  heaidea  a  vast  amount  of  valuable  observa- 
tions and  reasonings  on  other  aubjecta  (as  Nebulie,  the 
Magnitude  of  Stars,  and  the  like),  the  orbits  of  several 
double  stars  are  computed  by  the  aid  of  the  new  obser- 
vations. But  Sir  John  Herachol's  conviction  on  the 
point  in  question,  the  operation  of  the  Newtonian  law 
of  gravitation  in  the  region  of  the  stara,  ia  expressed 
perhaps  more  clearly  in  another  work  which  he  pub- 
lished in  1849."  He  there  speaks  of  Double  Stars,  and 
especially  of  gamma  Virginie,  the  one  which  has  been 
most  assiduously  watched,  and  has  offered  phenomena 
of  the  greatest  interest.'^  He  then  finds  that  the  two 
components  of  this  star  revolve  round  each  other  ii 
period  of  i8a  yearaj  and  aaya  that  the  elements  of  the 
calculated  orbit  represent  the  whole  series  of  recorded 
olwBrvations,  comprizing  an  angular  raovemeut  of  nearly 
nine-tentha  of  a  complete  circuit,  both  in  angle  and 
distance,  with  a  degree  of  exactness  fully  equal  to  that 
of  observation  itself  '"No  doubt  can  therefore,'  ha 
adds,  '  remain  as  to  the  prevalence  in  this  remoto 
system  of  the  Newtonian  Law  of  Gravitation.' 

Yet  M.  Yvon  de  Tillaroeau  haa   endeavonred  to 

^1  HaaltxirAitnmomicalOfiser-    /hoe  qf  the  vbible  BamenM 
enMoni    madt    daring    lite    yean    tofnced in  i%ii. 
iB34.  S.  O.T.B.irfWeO'iWqrCood         "  Oufllnti  0/  At/rotumy. 
Jl"]K,   bring  (he  eomplrtiini  of  n        "  Oui.ftsA- 
Teleicopic  Snmen  q/  tia  tthble  3ur- 
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show^^  that  this  conclusion,  however  probable,  is  not 
yet  proved.  He  holda,  even  for  the  Double  Stars,  which 
have  been  moat  observed,  the  ohHervationa  are  only 
equivalent  to  aeven  or  eight  really  distinct  data,  and 
that  seven  data  610  not  Bufficient  to  determine  that  an 
ellipse  ia  described  according  to  the  Newtonian  law. 
Without  going  into  the  detaib  of  this  reasoning,  I  may 
remark,  that  the  more  rapid  relative  angular  motion 
of  the  components  of  a  Double  Star  when  they  are 
more  near  each  other,  proves,  as  is  allowed  on  all 
hands,  that  they  revolve  under  the  influence  of  a 
mutual  attractive  force,  obeying  the  Keplerian  Law  of 
Areas.  But  that,  whether  this  force  follows  the  law  of 
the  inverse  square  or  some  other  law,  can  hardly  have 
been  rigorously  proved  as  yet,  we  may  easily  conceive, 
when  we  recollect  the  manner  in  which  that  law  was 
proved  fop  the  Solar  System.  It  was  by  means  of  an 
errow  of  eight  minutes,  observed  by  Tycho,  that  Kepler 
was  enabled,  as  he  justly  boasted,  to  reform  the  scheme 
of  the  Solar  System, — -to  show,  that  is,  that  the  planetary 
orbits  are  ellipses  with  the  sun  in  the  focus.  Now,  the 
observations  of  Double  Stars  cannot  pretend  to  such 
accuracy  as  this;  and  therefore  the  Keplerian  theorem 
cannot,  as  yet,  have  been  fully  demonstrated  from  those 
observations.  But  when  we  know  that  Double  Stars 
are  held  together  by  a  central  force,  to  prove  that  this 
force  follows  a  different  law  from  the  only  law  which 
has  hitherto  been  found  to  obtain  in  the  universe,  and 
which  obtains  between  all  the  known  masses  of  the 
universe,  would  require  very  clear  and  distinct  evi- 
dence, of  which  astronomers  have  as  yet  seen  no  trace. 


CHAPTER  VI. 

Sect.  I.  Inetrumente.- — 2.  Clocks. 

IN  page  aio,  I  have  described  the  manner  in  which 
astronomers  are  able  to  observe  the  tiuDsit  of  a  star, 
and  other  astronomical  phenomena,  to  the  exactness  of 
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iL  tenth  of  a  second  of  time.  The  mode  of  observation 
there  described  implies  that  the  observer  at  the  moment 
of  observation  compares  the  impresaiona  of  the  eye 
BDd  of  the  ear.  "Sow  it  is  foimd  that  the  habit 
which  the  observer  must  form  of  doing  this  operates 
differently  in  different  observers,  ao  that  one  observer 
notes  the  same  fact  as  happening  a  fraction  of  a  second 
eariier  or  later  than  another  observer  does;  and  this  in 
every  case.  Thus,  using  the  term  equation,  as  we  nsa 
it  in  Astronomy,  to  express  a  correction  by  which  we 
get  regularity  from  irregularity,  there  is  a  pergonal 
equation  belon^ng  to  this  mode  of  observation,  showing 
that  it  is  liable  to  erroar.     Can  this  erroar  be  got  rid  of] 

It  is  at  any  rate  mnch  diminished  by  a  method  of 
observation  recently  introduced  into  observatories,  and 
first  practised  in  America.  The  essentiul  feature  of 
thia  mode  of  observation  consists  in  combining  the 
impression  of  sight  with  that  of  touch,  instead  of  with 
that  of  hearing.  The  observer  at  the  moment  of  obser- 
vation presses  with  his  finger  so  as  to  make  a  mark  on 
a  machine  which  by  its  motion  measures  time  with 
great  accuracy  and  on  a  large  scale;  and  thus  small 
intervals  of  time  are  made  visible. 

A  universal,  though  not  a  necessary,  part  of  thia 
machinery,  as  hitherto  adopted,  is,  that  a  galvanic 
circuit  has  been  employed  in  conveying  the  impres- 
sion from  the  finger  to  the  part  where  time  is  measured 
and  marked.  The  facility  with  which  galvanic  wires 
can  thus  lead  the  impression  by  any  path  to  any  dis- 
tance, and  increase  it^  force  in  any  degree,  has  led  to 
this  combination,  and  almost  identification,  of  observa- 
tion  by  touch  with  its  record  by  galvanism. 

The  method  having  been  first  used  by  Mr.  Bond  at 
Cambridge,  in  North  America,  has  been  adopted  else- 
where, and  especially  at  Greenwich,  where  it  ia  used 
for  aU  the  instruments;  and  consequently  a  collection 
of  galvanic  batteries  ia  thus  as  necessary  a  part  of  the 
api>aratus  of  the  eatablishment  as  its  graduated  circlea 
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T/ie  Vdunty  of  Souiid  in  Water. 

THE  Science  of  which,  the  history  is  narrat^ii  in 
thia  Book  Laa  for  its  objects,  the  minute  Vibrations 
of  the  parts  of  bodies  such  an  those  by  which  Sounds 
are  produced,  and  the  properties  of  Sounds.  The 
Vibrations  of  bodies  axe  the  result  of  a  certain  tension 
of  their  structtire  which  we  term  Elasticity.  The 
Elasticity  determines  the  rate  of  Vibration :  the  rate 
of  Vibration  detemunes  the  a-udible  note :  the  Elas- 
ticity determines  also  the  velocity  with  which  the 
vibration  travels  through  the  aubatance.  These  points 
of  the  subject,  Elaaticity,  Rate  of  Vibration,  Velocity 
of  Propagation,  Audible  Note,  are  connected  in  each 
substance,  and  are  diSerent  in  diiferent  substances. 

In  the  history  of  tliia  Science,  considered  as  tending 
to  a  satistactoiy  general  theory,  the  Froblema  which 
have  obviously  offered  themselves  were,  to  explain  the 
properties  of  Sounds  by  the  relations  of  their  constituent 
vibrations;  and  to  explain  the  existence  of  vibrations 
by  the  elasticity  of  the  subatancea  in  which  they 
occurred :  as  in  Optics,  philoaophers  have  explained 
the  phenomenon  of  light  and  colours  by  theUndulatoiy 
Theory,  and  are  still  engaged  in  explaining  the 
requisite  modulations  by  moans  of  the  elasticity  of  the 
Ether.  But  the  Uitdvlatory  Theory  of  Sound  was 
seen  to  be  true  at  an  early  period  of  the  Science :  and 
the  explanation,  in  a  general  way  at  least,  of  all  kinds 
of  such  undulations  by  means  of  the  elasticity  of  thi 
vibratinjf  substances  has  been  ^rCormed  bj 
of  matiematiciaQa  of  whom  1  ^\e  ^wtii  au.  aKWJiis& 
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in  this  Book.  Hence  tte  points  of  the  subject  already 
mentioned  (Elasticity,  Vibrations  and  tlieir  Propaga^- 
tion,  and  Note,)  have  a.  known  material  dependence, 
and  each  may  he  employed  in  determining  the  other: 
for  instance,  the  Note  may  be  employed  in  determin- 
ing the  velocity  of  sotmd  and  the  elasticity  of  the 
vibrating  Bubatance. 

Chludni,^  and  the  Webera,*  had  made  valuable 
experimentol  inquiries  on  such  subjects.  But  more 
complete  investigations  of  this  kind  have  been  con- 
ducted with  care  and  still  by  M.  Wertheim.'  For 
instance,  he  has  determined  Wie  velocity  with  which 
sound  travels  in  water,  by  making  an  organ-pipe  to 
sound  by  the  passage  of  -water  through  it.  This  is  a 
matter  of  some  difficulty;  for  the  mouthpiece  of  an 
organ-pipe,  if  it  be  not  properly  and  carefully  con- 
structed, produces  sounds  of  its  own,  which  are  not  the 
genuine  musical  note  of  the  pipe.  And  though  the 
note  depends  mainly  upon  the  length  of  the  pipe,  it 
depends  also,  in  a  small  degree,  on  the  breadth  of  the 
pipe  and  the  size  of  the  mouthpiece 

If  the  pipe  were  a  mere  line,  the  time  of  a  vibration 
would  be  the  time  in  which  a  vibration  travels  from 
one  end  of  the  pipe  to  the  other ;  and  thus  the  note  for 
a  given  length  (which  is  determined  by  the  time  of 
vibration,)  is  connected  ■with  the  velocity  of  vibration. 
He  thus  found  that  the  velocity  of  a  vibration  along  the 
pipe  in  aea-water  is  1 157  mitres  per  second. 

But  M.  Wertheim  conceived  that  he  had  previously 
shown,  by  general  mathematical  reasoning,  that  the 
velocity  with  which  sound  travels  in  an  unlimited 
expanse  of  any  substance^  is  to  the  velocity  with  whicli 
it  travels  along  a  pipe  or  linear  strip  of  the  same  sub- 
stance as  the  square  root  of  3  to  the  square  root  of  2, 
Hence  the  velocity  of  sound  in  aea-water  would  ba 
1454  fnOres  a  second.  The  velocity  of  sound  in  air  ia 
33  a  metres. 

^  WeUetilelin,  i851. 


ACOUSTICS,  477 

M.  Weitheim  also  employed  the  yibrations  of  rods  of 
steel  and  other  metals  in  order  to  determine  their  fnodu- 
lu8  of  dasticUy — ^that  is,  the  quantity  which  determines 
for  each  substance,  the  extent  to  which,  in  virtue  of  its 
elasticity,  it  is  compressed  and  expanded  by  given  pres- 
sures or  tensions.  For  this  purpose  he  caused  the  rod 
to  vibrate  near  to  a  tuning-fork  of  given  pitch,  so  that 
both  the  rod  and  the  tuning-fork  by  their  vibrations 
traced  undulating  curves  on  a  revolving  disk.  The 
curves  traced  by  the  two  could  be  compared  so  as  to 
give  their  relative  rate,  and  thus  to  determine  the  elas- 
ticity of  the  substance. 


PHYSICAL     OPTICS. 


P/ioCo(/raph^, 

HATE,  at  the  end  of  Chapter  xi.,  stated  thatll 
theory  of  which  I  have  endeavoured  to  sketch  tl 
history  professes  to  explain  only  the  phei 
radiant  visible  light;  and  that  though  ire  know  t 
light  has  other  properties — for  instance,  that  it  produaS 
cheinical  effects- — these  are  not  contemplated  as  inoludq' 
within  the  domain  of  the  theory.     The  chemical  effed 
of  Eight  cannot  as  yet  be  included  in  exact  and  genen 
truths,  such  as  those  which  constitute  the  undulato 
theory   of  radiant    visible   light.      But   though  1 
present  age  has  not  yet  attained  to  a  Science  of  ti 
chemistry  of  light,  it  has  been  enriched  with  a  t 
exquisite  Art,  which  involves  the  principles 
science,  and  may  hereafter  be  made  the  inatnunent  ■ 
bringing  them  into  the  view  of  the  philosopher 
speak  of  the  Art  of  Photography,  in  which  cbemistt! 
has  discovered  the  means  of  producing  surfaoes  almoa 
as  sensitive  to  the  modifications  of  light  a 
sensitive  of  organic  textures,  the  retina  of  tl 
has  given  permanence  to  images  which  in  the  eye  a 
only  momentary  impressions.     Hereafter,  when  t' 
laws  shall  have  been  theoretically  established,  whi 
connect  the  chemical  constitution  of  bodies  with  t' 
action  of  light  upon  them,  the  prominent  names  ii 
Prelude  to  such  an  Epoch  must  be  those  who  by  thdj 
insight,  invention,  and  perseverance,  discovered  i 
carried    to   their  present   marvellous   perfectioa  t 


processes  of  pb olographic  Art : — Niepce  and  Daguerre 
in  FrftDce,  and  our  own  accomplished  countryman, 
Mr.  Fox  Talbot. 

Ab  already  remarked,  it  is  not  within  the  province 
of  the  unduktory  theory  to  explain  the  phenomena  of 
the  absorption  of  light  which  take  place  in  variona 
ways  when  the  light  is  transmitted  through  various 
mediuniB.  I  have,  at  the  end  of  Chapter  iiL,  given 
the  reasons  which  prevent  my  assenting  to  the  assertion 
of  a  special  analysis  of  light  by  absorption.  In  the 
same  manner,  with  regard  to  other  effects  pi-oduced  by 
media  upon  light,  it  is  sufficient  for  the  defence  of  the 
theory  that  it  should  bo  consistent  with  the  possibility 
of  the  laws  of  phenomena  which  are  observed,  not  that 
it  should  explain  those  laws;  for  they  belong,  appa- 
rently, to  another  province  of  philosophy. 

Some  of  the  optical  properties  of  bodies  which  have 
recently  attracted  notice  appear  to  be  of  this  kind.  It 
was  noticed  by  Sir  John  HeracheP  that  a  oertain 
liquid,  sulphate  of  quinine,  which  is  under  common 
circomstaaces  colourless,  exhibits  in  oertain  aspects 
and  under  certain  incidences  of  light,  a  beautiful 
celestial  blue  colour.  It  appeared  that  this  colour 
proceeded  from  the  surface  on  which  the  light  first  fell; 
and  colour  thus  produced  Sir  J.  Herachel  called 
epipolic  colours,  and  s^ioke  of  the  light  as  epipoliaed. 
Sir  David  Brewster  had  previously  noted  effects  of 
colour  in  transparent  bodies  which  he  ascribed  to 
internal  dispersion;^  and  he  conceived  that  the  colours 
observed  by  Sir  J.  Herschel  were  of  the  same  class. 
Profeaeor  Stokes*  of  Cambridge  applied  himself  to  the 
examination  of  thcise  phenomena,  and  was  led  to  the 
conviction  that  they  arise  from  a  power  which  certain 
bodies  possess,  of  changing  the  colour,  and  with  it,  the 
refrangibility  of  the  rays  of  light  which  fall  upon  them  r 
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and  lie  traced  this  pro|ierty  in  Taiious  BubBtances,  into 
variouR  remarkable  consequences.  As  this  change  of 
re&angibility  always  makes  the  rays  less  re&angible, 
it  was  prapceed  to  call  it  a.  degradation  of  the  light ;  or 
again,  dependent  emisgion,  because  the  light  is  emitted 
in  the  manner  of  self-luminoua  bodies,  but  only  in 
dependence  upon  the  active  rays,  and  so  long  aa  the 
body  is  under  their  influence.  In  thia  respect  it 
difi'ers  from  phosphorescence,  in  which  light  ia  emitted 
without  such  dependence.  The  phenomenon  occuj^  in 
a  conspicuous  and  beautiful  manner  in  certain  kinds  of 
fluor  spar:  and  the  term  Jtiwretcence,  suggested  by 
Professor  Stokes,  has  the  advantage  of  inserting  no 
hypothesis,  and  will  probably  be  found  the  most  gene- 
rally acceptable.* 

It  may  be  remarked  that  Professor  Stokes  rejects 
altogether  the  doctrine  that  light  of  definite  refrangi- 
bility  may  still  be  compound,  and  may  be  analysed 
by  absorption.  He  says,  '  I  have  not  overlooked  the 
remarkable  effect  of  alisorbing  media  in  causing  ap- 
parent ohajiges  of  colour  in  a  pure  spectrum;  but  tnit  J 
I  believe  to  be  a  mbjectlTe  phenomenon  dependii^fl 
upon  contrast.'  " 


CHAPTER  Xlir. 

Undih-atort  Theory, 


direction  qfllis  Tramaverae  Vibrations  irt  Polartsatia 

IN"  the  conclusion  of  Chapter  xiii.  I  have  stated  thi 
there  is  a  point  in  the  undulatory  theory  whiohl 
■was  regarded  as  left  undecided  by  Young  and  Fresnel, 
and  on  which  the  two  difierent  opinions  have  been 
maintained  by  difierent  mathematicians;  namely, 
■whether  the  vibrations  of  polarized  light  are  perpen- 
dicular to  the  plane  of  polarization  or  in  that  pla 

*  BTOPMl.Trg,n«.WSi. 
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Professor  Stokea  of  Camliiidge  has  attempted  to  solve 
tliis  question  in  a  manner  wliicli  in,  theoretically,  ex- 
oeedinsly  ingenious,  though  it  ia  ditKcult  to  make  the 
requisite  exiierimenta  in  a  decisive  luauner.  The 
method  may  be  briefly  described. 

If  polarized  light  he  diffracted  (see  CJtiap.  xi.  sect.  2), 
each  ray  will  be  bent  from  its  position,  but  will  still  be 
polarized.  The  oi-igioal  -ray  and  the  difl'j-acted  ray, 
thus  forming  a  broken  line,  may  be  HiT])po3ed  to  be 
connected  at  the  angle  by  a  uuivei-ual  joint  (called  a 
Sooke's  Jtiint),  such  that  when  the  original  i-ay  turns 
about  its  axis,  the  diffiucted  ray  also  tiiraa  about  its 
axisj  as  in  the  case  of  the  long  handle  of  a  telescope 
and  the  screw  which  ia  turned  by  it.  Now  if  the 
motion  of  the  oiigirial  ray  round  its  axis  be  uuiform, 
the  motion  of  the  diffi-acteJ  Tay  round  its  axis  is  not 
nnifonu ;  and  hence  if,  in  a  series  of  ca.ses,  the  planes 
of  polai'ization  of  the  origlnat  ray  differ  by  equal 
angles,  in  the  diffracted  ray  the  planes  of  polarization 
will  differ  by  uni'qual  angles.  Then  if  vibi'atiuus  be 
perpendicular  to  the  plane  of  polarization,  the  planes 
of  polarization  in  the  diffracted  rays  will  be  crowded 
together  in  the  neighbourhood  of  the  plane  in  which 
the  diffraction  takes  place,  and  will  be  more  rarely 
diBtribntod  in  the  neighbourhood  of  the  phine  perpen- 
dicular to  this,  in  which  is  the  diffracting  thread  or 
groove. 

On  making  the  experiment,  Prof.  Stokes  conceived 
that  he  found,  in  his  experiments,  such  a  crowding 
of  the  planes  of  diffiikoted  polarization  towards  the 
plane  of  diffraction;  and  thus  he  held  that  the  hypo- 
thesis that  the  transverse  vibrations  which  constitute 
polarization  are  perpendicularly  transvertie  to  the  plane 
of  polaiization  was  confirmed.^ 

Bnt  Mr.  HoltzmHn,^  who,  assenting  to  the  reaaoning, 
has  made  the  experiment  in  a  somewhat  different 
manner,  has  obtained  an  opposite  result;  so  that  the 
point  may  be  regarded  as  still  doubtful. 
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FiTuU  Disproof  o/ihe  EmUtion  Tiieory. 

As  1  have  stated  in  the  History,  we  cannot  propel 
Bay  tliat  tliere  ever  was  an  Emission  Theory  of  Lighi^ 
which  WBB  the  rival  of  the  Unilulatory  Theory 
while  the  undulatory  theory  provided  explanalio 
new  classes  of  phenomena  aA  fast  ae  they  ariise,  and  eshi- 
bited  a  eoTunlience  of  theories  in  these  explanations,  the, 
hypotheais  of  emitted  psT'ticles  required  new  inachint 
for  every  new  set  of  tacts,  and  soon  ceased  to  he  capal 
even  of  expressing  the  facts.  The  simple  cases  of 
ordinary  reflexion  and  refiraction  of  light  were 
plained  hy  Hewtnn  ou  the  supposition  that  the  traas- 
mieeion  of  light  is  the  motion  of  particles ;  and  though 
hia  explanation  includes  a  somewhat  harsh  a,s3i)mption 
(that  a  refracting  surface  exercises  &a  atti-active  force 
through  a  Jixed  finite  apace),  the  authority  of  hia  great 
name  gave  it  a  sort  of  permanent  notoriety,  and  made 

I  it  to  he  regarded  as  a.  standard  point  of  aomparison 
between  a  supposed  '  Emission  Theory '  and  the  undu' 
lation  theory.  And  the  way  in  which  the  theories  wfera 
to  he  tested  in  tliis  caae  was  obvious  ;  in  the  New- 
tonian theory,  the  velocity  of  light  is  increased  by  th»t 
refracting  medium;  in  the  undulatory  theory,  it 
diminished.  On  the  former  hypothesis  the  velocity 
light  in  air  and  in  water  is  as  3  to  4 ;  in  the  latter, 
But  the  immense  velocity  of  light  made  it  appear 
impossible  to  measure  it,  within  the  limits  of  any  finite 
space  which  we  can  occupy  with  I'efracting  matter. 
The  velocity  of  light  is  known  from  astronomical  phe- 
nomena;— from  the  eclipses  of  Jupiter's  satellites,  by 
which  it  appears  that  light  occupies  8  minutes  in 
Coming  from  the  sun  to  the  earth;  and  from  the 
aberration  of  light,  by  which  its  velocity  i 
be  10,000  times  the  velocity  of  the  earth  in  its  orbiK,] 
Is  it,  then,  possible  to  make  apparent  so  small 
ference  as  that  between  its  passing  through  a  few  yi 
of  air  and  oEwatett 
Mr.  Wheatato-ue,  to.  i^-ii,  vOTftii\e&.  «. 
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which  thia  could  be  done.  His  object  was  to  deter- 
mine tlie  velocity  of  the  electric  ahock.  His  appara^tus 
consisted  in  &  small  mirror,  turning  with  great  velocity 
about  an  axis  which  is  in  its  own  plane,  like  a  coin 
spinning  on  its  edge.  The  relncity  of  spinning  may 
be  made  an  great,  that  aa  object  reflected  shall  change 
its  place  perceptibly  after  an  almost  inconceivably 
Bmatl  fi-action  of  a  second.  The  appUcation  of  this 
contrivance  to  measure  the  velocity  of  light,  was,  at 
the  suggestion  of  Arago,  who  bad  seen  the  tiuiea  of  the 
rival  theories  of  light,  undertaken  by  younger  men  at 
Paris,  hia  eyesight  not  allowing  him  to  prosecute  such 
a  task  himself  It  was  necessary  that  the  mirrors 
should  turn  more  than  looa  times  in  a  second,  in  order 
that  the  two  images,  produced,  one  by  light  coming 
through  air,  and  the  other  by  light  coming  through  aa 
equal  length  of  water,  should  have  places  perceptibly 
different.  The  meohanica!  difficulties  of  the  experi- 
ment consisted  in  keeping  up  this  great  velocity  by  the 
machinery  without  destroying  the  machinery,  and  in 
transmitting  the  light  without  too  much  enfeebling  it. 
These  difficulties  were  overoonae  in  1850,  by  M.  Fizeau 
and  M.  L6on  Foucault  separately:  and  the  result  was, 
that  the  velocity  of  tight  was  found  to  be  less  in  water 
than  in  air.  And  thus  the  Newtonian  explanation  of 
refraction,  the  last  remnant  of  the  Emission  Theory, 
was  proved  to  be  false. 
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CHAPTER  m. 

The  Relatios  of  Vapouk 

Sect.  4. — Force  o/Stea 

THE  eiuperimenta  on  the  elastic  force  of  steam  made 
by  th«  French  Acajlemy  are  fitted  in  an  especial 
manner  to  decide  the  question  between  riral  formuLe, 
in  consequence  of  the  great  amount  of  force  to  which 
they  extend;  namely,  60  feet  of  mercury,  or  24  atmo- 
spberes:  for  formnl^  which  give  reHulte  almost  indis- 
tinguUhable  in  the  lower  part  of  the  scale  diverge 
widely  at  those  elevated  poiuts.  Mr.  Waterstou^  has 
reduced  both  these  and  other  experiments  to 
the  following  manner: — He  takes  the  zero  o 
tension,  determined  by  other  experimenters  (Rudbc 
Magnus,  and  Begnault,)  to  be  461"  beli 
Fahrenheit,  or  274°  below  the  zero  of  the  centi] 
scale:  and  temperatures  reckoned  from  Ihi 
calls  '  G  temperatures."  The  square  root  of  the  G  tem- 
peratures is  the  element  to  which  the  elastic  force 
referred  (for  certain  theoretical  reasons),  and  it  is  found 
that  the  density  of  Hteam  is  as  the  gixlh  power  of  this 
element.  The  argument  of  this  rule  with  the  special 
results  is  strikingly  close.  A  like  rule  was  found  bv 
him  to  apply  generally  to  many  other  gasea  in  contact 
with  their  liquids. 

ButM.  Regnaul  t  lias  recently  investigated  the  suhject 
in  the  moat   complete    and   amph 
obtained  results  somewhat  different.' 
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the  eonchision  that  no  formula  proceeding  by  a  power 
of  tbe  temperature  can  represent  the  experiments.  He 
also  finds  tliat  the  rule  of  Dalton  (that  as  the  tempera- 
tures increase  in  arithmetical  progression,  the  elastic 
force  increases  in  geometric  progreaaimi)  deviates  from 
the  observations,  especially  at  high  temperatures. 
Dalton's  rule  would  be  expressed  by  saying  that  the 
variable  part  of  the  elastic  force  is  as  a',  where  t  is  the 
tempeiuture.  This  failing,  M.  Regnanlt  miikes  trial 
of  a  formula  suggested  by  M.  Biot,  consisting  of  a  sum 
of  two  terms,  one  of  which  is  aa  o',  and  the  other 
ash*:  and  in  this  way  satisfies  the  experiments  very 
olosely.  But  this  can  ooly  he  coDsidered  as  a  formula 
of  interpolation,  and  has  no  theoretical  basis.  M.  Roche 
had  proposed  a  formula  in  which  the  force  is  as  a',  z 
depending  upon  the  temperatiire  by  an  equation'  to 
which  he  had  been  led  hy  theoretical  conai derations. 
This  agrees  better  with  observation  than  any  other 
formula  which  includes  only  the  same  number  of 
coefficients. 

Among  the  experimental  thermotical  laws  referred 
to  by  M.  Regnault  are,  the  Law  of  Watt,*  that  '  the 
quantity  of  heat  which  is  required  to  convert  a  pint  of 
water  at  a  temperature  of  zero  into  steam,  is  the  same 
■whatever  be  the  pressure.'  Also,  the  Law  of  Southern, 
that '  the  latent  heat,  of  vaporization,  that  is  the  heat 
absorbed  in  the  passage  from  the  liquid  to  the  gaseous 
consistence,  is  constant  fur  all  pui-|iose3:  and  Uiat  we 
obtain  the  total  heat  in  adding  to  the  constant  latent 
heat  the  number  which  represents  the  latent  heat  of 
steam.'  Southern  found  the  latent  heat  of  the  steam 
of  water  to  be  represented  hj  about  950  degreeu  of 
Fahrenheit.* 


^ 
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Sect.  5. — Temperature  o/lhe  Atmotphmv. 

I  may  nobice,  as  important  additions  to  our  knov 
ledge  on  this  sabject,  tlie  reHulU  of  four  balloon  a 
made  in  1852,^  by  the  Committee  of  the  Meteoro- 
logical Observatory  eat&bUshed  at  Kew  by  the  British 
Association  for  the  Advanoeinent  of  Science,  In  these 
ascents  the  observers  mounted  to  more  than  13,000, 
18,000,  and  19,000  feet,  and  in  the  last  to  22,370;  by 
which  aiicent  the  temperature  fell  from  49  degrees  to 
nearly  10  degrees  l>elo-w  zero :  and  the  dew-point  fell 
from  37°  to  12°.  Perhaps  the  mo3t  marked  result  of 
these  observations  is  the  following ; — The  temperature 
of  the  air  decreases  uniformly  aa  we  ascend  above  the 
earth's  sur&ce;  but  this  decrease  does  not  go  on  con- 
tinuously. At  a  certain  elevation,  varying  on  difSarent 
days,  the  decrease  is  arrested ;  and  for  a  depth  a 
or  three  thousand  feet  of  air,  the  temperature  dec 
little,  or  even  increases,  in  ascending.  Above  this,  the 
diminution  again  takes  place  at  nearly  the  same  rate  as 
in  the  lower  regions.  This  intermediate  region  of  un- 
decreasing  temperature  extended,  in  the  various  ascent^ 
from  about  altitude  4000  to  6000  feet,  6500  to  10,000, 
3000  to  4500,  and  4000  to  8000.  This  iuterruptton  iii 
the  decrease  of  temperature  is  accompanied  by  a  large 
and  abrupt  fall  in  tlie  temperature  of  the  dew-point,  qr 
by  an  actual  condensati  on  of  vapour.  Thuf 
is  the  region  of  the  clouds,  and  the  incre 
appears  to  arise  from  the  latent  heat  liberated  wlu 
aqueous  vapour  is  formed  into  clouds. 
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CHAPTER  IV. 
Theories  of   Heat. 


Ute  Dynamical  Theory  of  Heat. 

THAT  the  transmiBsion  of  radiant  Heat  takes  place 
hy  mo&oB  of  the  Tibra.tionH  of  a  medium,  as  the 
ttstiBinisaioD  of  Sound  cert&inly  does,  and  the  trans- 
miBsion of  Light  most  probably,  is  a  theory  which,  as  I 
bsTe  endeavoured  to  explain,  has  strong  arguments  and 
ajialogies  in  its  favour.  Eut  that  Heat  itself,  in  its 
essence  and  quantity,  is  Motion,  is  a  hypothesis  of 
quite  another  kinJ.  This  liypotbeais  has  been  recently 
asserted  and  maintained  with  great  ability.  The  doc- 
trine thus  asserted  h,  that  Motion  may  be  converted 
into  Heat.and  Heat  into  Motion ;  that  Heat  and  Motion 
may  produce  each  other,  as  we  see  in  the  rare&ction 
and  condensation  of  air,  in  steam-engines,  and  the  like : 
and  that  in  all  such  cases  the  Motion  produced  and  the 
Heat  expended  esaotly  measure  each  other.  The  foun- 
dation of  this  theory  is  conceived  to  liave  been  laid  by 
Mr.  Joute  of  Manchester,  in  1844;  and  it  has  since 
been  prosecuted  by  hiin  and  by  Professor  Thomson  of 
Glasjjow,  by  experimental  investigations  of  various 
kinds.  It  is  difficult  to  niake  these  eKjteriments  so  as 
be  quite  satisfactory ;  for  it  is  difficult  to  measure 
the  heat  gained  or  loNt  in  any  of  the  changes  here 
-eontemplated.  That  friction,  agitation  of  fluids,  con- 
densation of  gashes,  ciinverajon  of  gases  into  fluids  and 
liqoids  into  solids,  produce  heat,  is  undoubted:  and 
that  the  quantity  of  such  heat  may  be  measured  by 
the  mechanical  force  which  produces  it,  or  whioh  it 
produces,  is  a  genemlizatitin  which  will  very  likely  bo 
found  a  fertile  source  of  new  propositions,  and  probably 
of  important  consequences. 

Aa  an  example  of  the  conclusions  which  Professor 
Thomson  draws  from  this  doctrine  of  the  mutual  con- 
yei^on  of  motion  and  heat,  1  mRj  meivt\wa  \i\%  *^ 
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ealations  concerning  the  cause  which  produces  and 
sustains  the  heat  of  the  son.^  He  conceives  that  the 
support  of  the  solar  heat  must  be  meteoric  matter 
which  is  perpetually  filing  towards  the  globe  of  the 
sun,  and  has  its  motion  converted  into  heat.  He  in- 
clines to  think  that  tlie  meteors  containing  the  stores 
of  energy  for  future  Sun-light  must  be  principally 
within  the  earth's  orbit ;  and  that  we  actually  see  them 
there  as  the  '  Zodiacal  Light/  an  illuminated  shower, 
or  rather  tornado,  of  stones.  The  inner  parts  of  this 
tornado  are  always  getting  caught  in  the  Sun*s  atmo- 
sphere, and  drawn  to  his  mass  by  gravitation. 


I  Of  the  Mechanical  Energies  of  the  Solar  System.    Edinb.  TYant, 
:Tol.  xxi.  part  L  (i854)>  P-  67* 
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